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ABSTRACT
Title of Dissertation: The function of CTLA4 during the in vivo immune response to

infectious disease.

Velia Mitro. Doctor of Philosophy. 2000.

Dissertation directed by: Dr. William C. Gause, Professor. Department of Microbiology

and Immunology.

CD4" T cells play a key role in the adaptive immune response to foreign antigens.
For T cells to be activated. two signals are required. The first signal is delivered through
antigen recognition by the T cell receptor. A second. or costimulatory. signal is also
required for optimal activation of T cells. CD28 ligation by B7 is a potent mediator of
positive costimulation. In contrast. B7 ligation of CTLA4 (CD152). a homologue of
CD28. provides a critical downregulatory signal. Recent data has suggested that CTLA4
may also share some stimulatory functions with CD28. Because costimulatory molecule
interactions are critical for many immune responses. a greater understanding of CTLA4
function may promote development of immunotherapies where enhancement or
inhibition of the immune response would be clinically beneficial. This research was
directed at developing a greater understanding of CTLA4 function in the immune
response to infectious disease. A murine model of gastrointestinal nematode infection.
Heligmosomoides polygyrus. was utilized in this research to investigate the role of

CTLAA4 after onset of infection. once naive T cells have differentiated to effector T cells.
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These data support a negative regulatory role for CTLAA4 late in the response. Blockade
of CTLA4 by in vivo administration of anti-CTLA4 antibody enhanced the polarized Th2
response to H. polygyrus, resulting in increased serum concentrations of
immunoglobulins. IL-4 secretion. and T and B cell activation. Further evidence of
enhanced immune response upon CTLA4 blockade was provided in another nematode
model. Trichuris muris. Anti-CTLA4 antibody treatment increased serum
immunogiobulin concentrations and T and B cell activation. The treatment also caused
immune deviation from Thl to Th2. as evidenced by decreased IFNy and increased IL-4
secretion. These data are consistent with a model for Thl versus Th2 cell differentiation
which describes the decision as based on the balance between strength of signal and
innate response. On a molecular level. the phosphorylation events following CTLA4
blockade were examined. and intracellular binding partners for CTLA4 and CD28 were
identified. The dependence of effector T cells upon continued combined CTLA4/CD28

signaling was also explored.
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I. Introduction

A. The two-signal model of T cell activation

Understanding the biochemical and cellular events which regulate the immune
response against foreign antigens is an important goal of research in immunology. CD4~
helper T cells play a key role in these events. At the initiation of the response to a
specific antigen. naive Th cells must recognize the antigen expressed on the surface of
professional antigen presenting cells (APCs) such as macrophages. dendritic cells. or B
cells. APCs continually sample the extracellular milieu by endocytosis or phagocytosis
of microbes. particulates or soluble matter. Once internalized. the proteins in these
antigenic materials are proteolyvtically degraded into smaller fragments and bound to
MHCII molecules. The antigen/MHCII complexes are transported to the surface of the
APC. T cells become activated through cell-cell interaction with APCs. when the
antigen-specific T cell receptor (TCR) recognizes the antigen/MHCII complex displayed
on the surface of the APC. Activated T cells amplify and regulate the effector functions
of the immune response. This regulation occurs through the release of cytokines and
cell-cell interactions with immunoglobulin-producing B cells. mast cells. cytotoxic T
cells. and other cell types that serve to limit infection. Research is needed into the
activation of T cells. to aid in the development of therapies to promote protection against
infection and prevent autoimmune disease.

Substantial research shows that T cell activation requires two signals from the
APC (Bretscher. 1992). The first is the antigen-specific interaction between the TCR and

the antigen/MHCII complex. The second signal. or costimulatory signal. is not antigen-
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specific. Numerous receptor/ligand pairs expressed on the surface of T cells and APCs
have been suggested to function as costimulatory receptors. The most well-characterized
of these is the interaction between CD28 (expressed on the surface of T cells) and B7-1
(CD80) or B7-2 (CD86) (expressed on the surface of APCs). In the absence of
costimulation. TCR-mediated delivery of signal 1 can result in incomplete activation of T
cells. anergy (unresponsiveness). or cell death. CD28 ligation by B7 molecules aids in
the complete activation of T cells upon antigen recognition by increasing T cell
proliferation. IL-2 secretion and 1L-2R expression. and Bcl-xI expression. Costimulatory
interactions are critical for many immune responses, including response to infection.
autoimmunity. transplant rejection. and tumor immunity.

This doctoral dissertation research focuses on the role of cytotoxic T lvmphocyte
antigen #4 (CTLA4). a homologue of CD28 (Harper et al.. 1991). CTLA4 is expressed
on T cells. and binds B7-1 and B7-2 (Linsley et al.. 1991). At first. it was thought that
CTLAA4 ligation by B7 molecules would also function as a positive costimulatory signal
(Linsley et al.. 1992). However. subsequent studies showed that CTLA4 interactions
with B7 molecules provide a critical downregulatory signal for T cells (McCoy and Le
Gros, 1999). Mice lacking the CTLA4 gene developed massive polyclonal expansion of
T cells with muitiorgan tissue infiltration and destruction. These mice died within a few
weeks after birth with myocarditis and pancreatitis. Ex vivo. T cells from CTLA4-
deficient mice proliferated spontaneously. indicating that the T cells had been activated in
vivo (Tivol et al.. 1995; Waterhouse et al.. 1995). The lymphoproliferation in vivo is
initiated by CD4" T cells. as anti-CD4 antibody treatment of CTLA4-deficient mice

abrogates this phenotype (Chambers et al.. 1997). Blocking all B7-ligand interactions



prevents the severe phenotype of these mice. suggesting that CD28 costimulation is
required for the lymphoproliferation and tissue destruction (Tivol et al.. 1997). These
experiments indicate that CTL A4 supplies a critical negative signal to CD4™ T cells.

While the downregulatory role of CTLA4 is consistent with these and other in
vivo and in vitro experiments. recent data have suggested that CTLA4 may substitute for
CD28 in providing a positive signal in some cases. CD28-deficient mice have T cell-
dependent responses that are in most aspects impaired: however. these mice are capable
of mounting strong immune responses in some model systems (Gause et al.. 1997a:
Shahinian et al., 1993: Kawai et al.. 1996). Because CTLA4 is the only known receptor
for B7 molecules other than CD28. these results suggest that CTLA4/B7 interactions can
provide positive costimulation. While these data do not refute the conclusions that
CTLAA4 supplies a negative signal in the other systems examined. these data do raise the
question of whether CTLA4 may also share some stimulatory functions with CD28.

Understanding how CTLA4 functions in infectious disease may provide new tools
to optimize an individual's immune response against a pathogen. The purpose of this
doctoral dissertation research is to characterize the role of CTLA4 in regulating T cell-
mediated immune responses to infectious disease models. and to address the molecular
mechanism of CTLA4 signaling.

In this chapter. | will discuss CTLA4 structure and expression. and address their
relevance 10 the function of CTLA4 in comparison with CD28. Next. I will discuss
previous reports that support an inhibitory role for CTLA4. and some conflicting data that
remain to be resolved. Current knowledge of the mechanism of CTLA4 inhibitory action

and CTLA4-mediated signal transduction events will also be presented. The chapter



concludes with an introduction of the experimental models of infectious disease used in
this dissertation. and an outline of the experimental design of the work presented in this

volume.

B. CTLA4 and CD28 structure and expression

CTLA4 is a glycosylated T cell surface receptor and a member of the
immunoglobulin superfamily (Brunet et al.. 1987). Homodimers of CTLA4 molecules
are linked by a single disulfide bond in the extracellular domain (Figure 1) (Linsley et al..
1995: Walunas et al.. 1994). The sequences of murine and human CTLA4 are well
conserved (76% amino acid identity). and the cytoplasmic domains are 100% conserved
(Dariavach et al.. 1988; Harper et al.. 1991). The complete conservation of cytoplasmic
domains is notable as it may indicate conservation of critical function in the cytoplasmic
domain. CTLA4 also shares ~30% identity overall with CD28. another immunoglobulin
superfamily member expressed in the surface of T cells (Figure 2) (Harper et al.. 1991).
The genes encoding CTLA4 and CD28 colocalize on mouse chromosome 1 band C and
on human chromosome 2q33-34 (Howard et al.. 1991: Lafage-Pochitaloff et al.. 1990).
The human genes are estimated at only 25-150 kb apart (Balzano et al., 1992). The
proximity of the genes. along with similar genomic structure. suggests that these genes
arose by duplication (Harper et al.. 1991). CTLA4 and CD28 also share an extracellular
motif. MYPPPY. and it is through this region that they bind B7-1 and B7-2 (Peach et al..
1994). CTLA4 binds B7 molecules with 10-fold higher affinity than does CD28. with the

difference in Kd due to a faster dissociation rate for CD28 (Linsley et al., 1991: van der



Figure 1. Structure of CTLA4. CTLA4 disulfide-linked homodimer is illustrated.
Indicated in the figure are the transmembrane domain and the domain homologous to an

immunoglobulin variable region.
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Figure 2. Sequence alignment of murine CTLA4 and CD28. The sequences encoded
by the murine CTLA4 (Brunet et al.. 1987) and CD28 (Harper et al.. 1991) genes are
compared. The leader sequences have been omitted. The shown sequences correspond
the mature polypeptides. beginning with amino acid 38 for CTLA4 and amino acid 22 for
CD28 (when counted from the methionine start codon). The extracellular.
transmembrane. and cytoplasmic domains are indicated by brackets. The B7. SH2. and

SH3 binding motifs are boxed.



Sequence alignment of murine CTLA4 and CD28
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Merwe et al.. 1997: Greene et al.. 1996). This difference may produce preferential
binding of B7 molecules to CTLA4.

CTLA4 and CD28 expression appears to be restricted primarily to CD4™ and
CD8’ T cells. though expression of CTLA4 on B cells activated in vitro has also been
reported (Kuiper et al.. 1995: Brunet et al.. 1987). The temporal patterns of CTLA4 and
CD28 are very different. Unlike CD28. which is abundantly expressed on both naive and
effector T cells. CTLA4 expression is not detectable on the surface of naive T cells
(Linsley et al.. 1992: Freeman et al.. 1992: Scheipers and Reiser. 1998). It is rapidly
upregulated upon T cell activation. with CTLA4 mRNA transcripts becoming detectable
by | hour after T cell activation (Lindsten et al.. 1993). TCR signaling. CD28
costimulation. and [L-2 are required for maximal expression of CTLA4 (Alegre et al..
1996). In addition to increasing the transcription of the CTLA4 gene. CD28
costimulation also increases the stability of CTLA4 mRNA (Finn et al.. 1997). CTLA4
protein is expressed on the cell surface by 24 hours. and peaks 48-72 hours after T cell
activation. Even at maximal expression. the majority of CTLA4 protein is not found on
the T cell surface. but in a perinuclear Golgi compartment (Linsley et al.. 1992: Leung et
al., 1995). CTLA4 protein is continually and rapidly shuttled between intracellular stores
and the plasma membrane (Linsley et al.. 1996: Alegre et al., 1996). Tight control of
CTLA4 gene transcription. mRNA stability. and intracellular localization all serve to
limit the surface expression of CTLA4 to low levels.

Several papers have addressed the mechanism of CTLA4 intracellular trafficking
(Shiratori et al.. 1997: Bradshaw et al.. 1997: Chuang et al.. 1997: Zhang and Allison.

1997 Linsley et al.. 1996). CTLA4 is endocytosed by a clathrin-mediated mechanism. as



CTLA4 internalization is prevented by conditions that prevent the assembly of clathrin-
coated pits. CTLA4 is then shuttled to an intracellular site that co-localizes with the
transferrin receptor. It is from this site that CTLA4 is continually shuttled to and from
the plasma membrane. /n vitro. the cytoplasmic domain of CTLA4 binds AP50 (also
called p2). which is the component of clathrin adapter AP-2 that mediates the interaction
with tyrosine-based internalization motifs of target proteins. The interaction between
CTLA4 and AP50 is dependent on the membrane-proximal tyrosine (Y 165). In vivo. a six
amino-acid motif from CTLA4 including Y165 has been shown to confer the ability to be
internalized upon a fusion protein that without the motif remains on the cell surface.
indicating that the region that binds AP50 is functionally responsible for internalization.
Phosphorylation of Y1635 inhibits the binding between CTLA4 and AP50 in vitro. and
mutation of Y163 to phenyvlalanine prevents internalization of CTLA4 in vivo. suggesting
that phosphorylation of this amino acid regulates the movement of CTLA4 between
intracellular stores and the plasma membrane.

CD28 is not trafficked intracellularly in the same manner as CTLA4 (Chambers
and Allison. 1997: Lenschow et al.. 1996). On resting and effector T cells. the majority
of CD28 is expressed on the cell surface. and there is no evidence that CD28 directly
binds components of clathrin adapter complexes (Schneider et al.. 1999: Chuang et al..
1997). However. the expression of CD28 on the surface is not static. A portion of the
CD28 molecules undergo clathrin-mediated endocytosis. but only upon receptor ligation
(Cefai et al.. 1998). The endocytosed CD28 is sorted to two different compartments.
About half is returned to the cell surface. and half is degraded in a lysosomal

compartment. Mutations in the cytoplasmic domain of CD28 that inhibit internalization
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block costimulation. suggesting that the internalization is important for the costimulatory
function of CD28. One potential explanation is that CD28 interacts with intracellular
signaling proteins after internalization to transduce the costimulatory signal. The
mechanism of internalization is unknown. but it is clear that CD28 localization is not
analogous to that of CTLA4.

Another important aspect of CTLA4 expression is its polarized localization. Both
intracellular and surface CTLA4 are focused towards the site of TCR engagement
(Linsley et al.. 1996). This effect can be mediated by alloantigen-bearing cells or by anti-
CD3 stimulation. and is not dependent on CD28 stimulation or CTLA4 interaction with
B7 molecules. The polarized localization occurs within two hours. and the increased
number of CTLA4 molecules at the cell surface at the site of TCR engagement come
from existing intracellular stores. The increased steady state concentration of surface
CTLAA4 is a result of increased rate of transport to the cell surface. rather than a decreased
rate of uptake. In addition to limiting its surface expression to low levels, intracellular
trafficking of CTLA4 provides a potential mechanism for regulating the proximity of
CTLAA4 to the TCR and CD28. The dynamic regulation of CTLA4 localization may
control the ability of CTLA4 to interact with the signaling events that mediate T cell
activation. Recently. the importance of focal receptor organization for the activation of T
cells has become apparent. The formation of glycolipid-enriched microdomains (GEMs
or rafts) is required for efficient TCR signal transduction (Xavier et al., 1998). and CD28
signaling contributes to the recruitment of kinase-rich rafts to the site of site of TCR
engagement (Viola et al.. 1999). A model for an "immunological synapse" has been

proposed. wherein T cell activation is dependent of the formation of a specific pattern of



receptors at the site of T cell contact with the APC. In this model, efficient TCR
signaling only occurs when a central cluster of T cell receptors and associated signaling
molecules are surrounded by a ring of specific cell-cell adhesion molecules (Grakoui et
al.. 1999; Dustin and Shaw. 1999: Monks et al.. 1998: Wulfing and Davis. 1998). It has
been proposed that costimulation is mediated in part by recruitment of the TCR and other
molecules to the immunological synapse (Viola et al.. 1999: Yashiro-Ohtani et al.. 2000).
This recent work highlights the potential importance of cellular transport and localization

in CTLA4 function.

C. CTLAJ function

As discussed above. CTLAd4-deficient mice provide dramatic evidence for the
critical downregulatory role of CTLA4. These mice display massive proliferation of
peripheral T cells. tissue destruction resulting from lymphocytic infiltration. and early
death. These defects have been linked to B7-dependent activation of CD4™ T cells.
These results have been interpreted to mean that in normal mice. CTLA4 counters the
activation induced by antigenic stimulation plus CD28-mediated costimulation. In
addition to these results. there is considerable in vitro and in vivo evidence supporting the
downregulatory role of CTLA4.

In vitro. when anti-CTLA4 antibody is added to T cells being stimulated with
allogeneic APCs. the proliferation of the T cells is augmented (Walunas ct al.. 1994).
The effect is dependent on stimulation through the TCR because anti-CTLA4 antibody
had no effect when syngeneic APCs were used. [t was determined that the soluble

antibody was blocking a negative CTLA4 signal (instead of providing a positive signal)



because Fab fragments of the antibody also augment proliferation. Furthermore,
crosslinking the antibody enabled it to transduce a negative signal. inhibiting
proliferation. In another in vitro study. blockade of CTLA4 with antibody or Fab
fragments increased IL-2 production (Krummel and Allison. 1995).

One avenue of in vivo investigation that has shed light on the roles of CD28 and
CTLA4 has been experiments with CD28-deficient mice (Green et al.. 1994). The T cells
of these mice have greatly diminished ability to respond. When immunized with protein
antigen. the proliferation of the T cells is reduced (although not absent). Ex vivo. CD28-
deficient T cells were shown to have reduced proliferation in response to B7 molecules.
Immunoglobulin responses were also reduced (Shahinian et al.. 1993). While T cell-
dependent responses are not universally abrogated by loss of CD?28. these experiments
confirm that CTLA4 and CD28 do not have completely redundant roles.

Blockade of CTLA4 signaling in vivo by administration of anti-CTLA4 antibody
has also been used to demonstrate the negative regulatory role of CTLA4. Anti-CTLA4
antibody administration increases clonal expansion of antigen-specific TCR-transgenic T
cells (Kearney et al.. 1995). The first study that demonstrated enhancement of T cell
effector function by CTLA4 blockade in vivo was in a tumor rejection model (Leach et
al.. 1996). Normal mice were injected with colon carcinoma cells. which grew rapidly in
size in mice that received no further treatment. until euthanasia was required 35 days
later. Anti-CTLA4 treatment of these mice enabled them to reject the tumors within 20-
30 days. Blockade of CTLA4 also caused increased protection during secondary
challenge. indicating increased immunological memory. It is interesting that these results

were obtained with wild-type tumors. as opposed to tumor cells which had been
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engineered to enhance antitumor immunity. However, there was little information in this
report to suggest how anti-CTLA4 antibody treatment induced the increased antitumor
immunity.

Blockade of CTLA4 has also been used to increase protection in an infectious
disease model (McCoy et al.. 1997). Mice infected with the intestinal nematode parasite
Nippostrongylus brasiliensis and treated with anti-CTLA4 antibody had decreased
intestinal worm burden by seven days after inoculation and decreased parasite egg
production by day eight after infection. The enhanced protection was associated with
increased [L-4 and IL-5 production. and with increased lymphocyte numbers in the
draining lymph nodes. It should be noted that these experiments were conducted in a
strain of mouse that is not susceptible to chronic N. brasiliensis infection. and the
increased protection was observed as an increase in kinetics of parasite expulsion. If it
could be shown that CTLA4 blockade could induce resistance in mice that normally
develop a chronic infection. then this research may have clinical application. In addition.
these mice were treated with anti-CTLA4 antibody beginning on the day of infection. A
more clinically relevant model would be one in which intervention was begun after
infection had been established. Both of these issues are addressed in my research. which
utilized a model system wherein mice were inoculated with a pathogen that normally
establishes a chronic infection. In addition. the role of CTLA4 after infection has been
established was investigated by blocking CTLA4 function late after inoculation.

Although these and other experiments supply a preponderance of evidence that
CTLAM supplies a negative signal (Oosterwegel et al.. 1999a; Saito. 1998: Greenfield et

al.. 1998: Scheipers and Reiser. 1998). there are a few exceptions. As mentioned earlier.
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CD28-deficient mice have T cell responses that are in most aspects impaired. but in some
cases the T cells are still able to respond. The cvtotoxic response to LCMV is intact
(Shahinian et al.. 1993), as is the rejection of skin allografts (Kawai et al.. 1996). CD28-
deficient mice and wild-type mount comparable responses to Heligmosomoides
polygyrus. another intestinal nematode parasite (Gause et al., 1997a). Mice resistant to
Leishmania major mount a normal T cell response and control the infection in the
absence of CD28 (Brown et al.. 1996). One potential explanation is that other non-B7-
dependent compensatory pathways exist that mediate activation when CD28 is absent
from ontogeny (Saito et al.. 1998). However. CD28-deficient T cells can be induced to
proliferate ex vivo by anti-CD3 antibody plus B7 stimulation (although to a lesser extent
than wild-type cells). and the proliferation is blocked by anti-CTLA4 antibody or Fab
fragments (Wu et al.. 1997). These results can be interpreted to mean that in the absence
of CD28. CTLA4 ligation by B7 can give a positive signal. In addition to data generated
from CD28-deficient ex vivo T cells. evidence for a positive role for CTLA4 comes from
a model using B7 with a point mutation that no longer binds CD28. but still binds
CTLA4 (Zheng et al.. 1998). Expression of this mutant B7 on thymoma or
plasmocytoma cells enhances the antitumor immunity. Data like these have prompted
some to take a cautious view of the role of CTLA4 in downregulation of the immune
response (Liu, 1997). An understanding of the signal transduction pathways and

mechanism of CTLA4 action is needed to resolve these conflicting results.
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D. CTLA4 mechanism

How does CTLA4 provide a negative signal? Recent work has shed light on its
mechanism. as well as supporting its downregulatory role. There are three models for
how CTLA4 functions:

1. CTLA4 could outcompete CD28 for B7 molecules, due to its higher affinity for B7.
2. CTLA4 could antagonize TCR-mediated signals.

3. CTLA4 could antagonize CD28-mediated signals.

These three potential mechanisms are not mutually exclusive. and there is evidence
supporting each of them.

The preferential binding of B7 for CTLA4 over CD28 fits well with their
expression patterns. At the initiation of a response. CTLA4 expression on the surface is
extremely low. allowing B7 to interact with CD28. Surface expression of CTLA4 is
upregulated upon T cell activation. preventing CD28 from interacting with B7.
terminating the costimulation. However. the strict conservation of the cytoplasmic
domain of CTLA4 suggests that a critical signaling function is also conserved. The
conservation argues against outcompetition as a sole mechanism of CTLA4 action.
though it may have some functional importance.

Experiments using CD28-deficient mice have supported CTLA4 antagonism of
TCR-mediated signals. Cardiac allograft survival is significantly prolonged in CD28-
deficient mice. with associated decreases in cellular infiltration. destruction of
cardiomyocytes. and expression of inflammatory cytokines when compared with wild-
type mice (Lin et al.. 1998). When B7 ligand interactions are blocked in CD28-deficient

mice (by either CTLA4Ig or combined anti-B7-1 and anti-B7-2 antibodies), the rejection
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of the cardiac allografis is accelerated. Treatment with anti-CTLA4 antibody also
accelerated rejection. confirming that CTLA4 was the B7 receptor mediating the
inhibition in CD28-deficient mice. In the absence of CD28. CTLA4 is still able to inhibit
T cell activation. Another study also used CD28-deficient mice. but in this case they
were bred into a TCR transgenic/Rag-2-deficient background. so that all of the T cells
would be specific for one alloantigen. Ld (Fallarino et al.. 1998). These mice rejected
tumors that expressed Ld alloantigen. Ex vivo. their T cells also responded to Ld
alloantigen in the absence of B7. The response of these cells was strongly inhibited by
costimulation by B7. which was blocked by anti-CTLA4 antibody. This model also
indicates that CD28 antagonism is insufficient to explain CTLA4 negative signals. and
suggest that CTLA4 may inhibit T cell activation by counteracting TCR-mediated
signals.

There are two lines of evidence supporting CTLA4 inhibition of CD28
costimulatory signals as its mechanism for inhibiting T cell activation. The first comes
from a paper in which the effects of CTLA4 signaling induced by crosslinked antibody
were most pronounced under conditions where T cells received optimal CD28
costimulation (Walunas et al.. 1996). Because sensitivity to negative control by CTLA4
depends on the strength of CD28 costimulation. the data suggest that CTLA4 ligation is
blocking CD28-dependent activation. The second line of evidence concerns the role of
CD28 in IL-2 upregulation. Induction of IL-2 production is a key feature of CD28-
mediated costimulation of T cells activated in vitro. The ability to oppose CD28-induced
elevations in IL-2 is an important function of CTLA4 (Krummel and Allison. 1996: Blair

et al.. 1998: Walunas et al.. 1996: Vandenborre et al.. 1999). Because TCR signaling
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alone is unable to stimulate high levels of IL-2 secretion. these results indicate that
CTL A4 negative signals are blocking a function which is CD28-specific.

However. not all CD28-specific signals are inhibited by CTLA4. CD28 induction
of IL-2 is caused by both increased transcription of the IL-2 gene and increased stability
of IL-2 mRNA. CTLA4 does not inhibit CD28-mediated stabilization of IL-2 mRNA.
only the transcriptional activity of the IL-2 gene (Brunner et al.. 1999). The ability of
CTLAA4 ligation to inhibit cell cycle progression was thought to be due to reduction in IL-
2 (which in turn was CD28-dependent). but in fact addition of exogenous IL-2 does not
fully reverse inhibition of proliferation by CTLA4. and CD28-dependent proliferation has
been found to have both IL-2-dependent and IL-2-independent aspects (Brunner et al..
1999: Appleman et al.. 2000). CD28 ligation also induces expression of Bcl-xl. a gene
necessary for long-term survival of effector T cells. and CTLA4 ligation does not reduce
expression of this gene (Sperling et al.. 1996: Blair et al.. 1998). While the three models
for CTLA4 action presented here provide a framework for discussion. CTLA4-mediated
signals are likely to interact with TCR and CD28 signals in multiple. complex ways to
inhibit T cell activation. Dissecting the signal transduction events that occur within the T
cell upon CTLAA4 ligation would aid in understanding how CTLA4 influences T cell

stimulation.

E. CTLA4 signaling
As mentioned earlier. human and murine CTLA4 molecules are 100% conserved
in their cytoplasmic domains. suggesting that a critical function is mediated by those

sequences. While there is 30% overall identity between CTLA4 and CD28. the
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conservation is primarily in the extracellular domains. There is very limited conservation
between CTLA4 and CD28 cytoplasmic domains. opening the door for differential
signaling. Neither cytoplasmic domain exhibits any intrinsic kinase activity. but CTLA4
and CD28 contain several potential phosphorylation sites. The current model is that TCR
stimulation and B7 ligation directs tyrosine and/or serine/threonine phosphorylation of
CD28. The phosphorylation would allow association of CD28 with intracellular
signaling proteins that are recruited to specific phosphorylated sites on the cytoplasmic
domain of CD28. CTLA4 is upregulated and brought to the surface. perhaps in close
proximity to the TCR. where TCR-associated tyrosine kinases would associate with and
phosphorylate CTLA4. again allowing recognition by intracellular signaling proteins.

The kinases that initiate the signaling cascades by CD28 and CTLA4 have not
been firmly established. but there is evidence that Src-family kinases may be involved.
Specifically. Lck and Fyn have been implicated in CD28 phosphorylation (Leung et al..
1999: Slavik et al.. 1999). Lck. Fyn. and Lyn have been shown to associate with and
phosphorylate CTLA4 since this project was begun (Miyatake et al.. 1998: Chuang et al..
1999). The association was identified in cells that had been transiently co-transfected
with the kinase and with CTLAJ. and experimentation is needed to show that Src-family
kinases phosphorylate CTLA4 in the T cell. and that Src-family phosphorylation of
CTLAA4 is necessary for CTLA4 signal transduction.

A report that examined the downstream signal transduction events utilized T cells
from CTLA4-deficient mice (Marengere et al.. 1996). These mice. which have
constitutively activated Lck and Fyn kinases. display increased tyrosine phosphorylation

of TCR CD3C. ZAP-70 kinase. and other intracellular proteins. The Ras pathway was
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also found to be activated. To investigate the cause of increased phosphorylation. in vitro
experiments were conducted with CTLA4 and SHP-2 protein tyrosine phosphatase.
CTLA4 binds SHP-2 in immunoprecipitation assays from ex vivo activated normal T
cells. and CTLA4-associated SHP-2 has phosphatase activity toward p52-SHC. a
regulator of the Ras pathway. The association between CTLA4 and SHP-2 was later
confirmed and found to be dependent on tyrosine phosphorylation of CTLA4 by Lck or
Fyn in cotransfection experiments (Miyatake et al.. 1998: Chuang et al.. 1999). These
data suggest that the mechanism of CTLA4 negative regulation is mediated by
recruitment of phosphatases which dephosphorylate intracellular proteins involved in
TCR and CD28 signal transduction. thereby antagonizing the positive signal. While the
paper that first identified the association with SHP-2 indicated that CTLA4 inhibition
occurred somewhat downstream. in the Ras pathway (Marengere et al., 1996), a
subsequent paper showed that CTLA4 associates with the TCR. that the association is
enhanced by phosphorylation by Lck. and that CTLA4 could recruit SHP-2 to
dephosphorylate CD3Z directly (Lee et al., 1998). SHP-2 dephosphorylation of CD3(
also prevented its association with CTLA4. Thus. CTLA4 also may interfere with the
TCR signal at an upstream site.

SHP-2 was seen to specifically associate with the same motif in CTLA4 as does
AP50. The phosphorylation state of this motif (YVKM) determines whether SHP-2 or
APS0 binds to the peptide sequence. When the sequence is tyrosine phosphorylated.
SHP-2 binds and presumably transduces the CTLA4 signal: when the sequence is not
phosphorylated. AP50 binds and mediates endocytosis (Shiratori et al.. 1997: Miyatake et

al., 1998). This was the first time a single phosphorylation site differentially regulated



endocytosis and activation of signal transduction. Since this discovery. another molecule.
TGN38. was also found to be subject to differential endocytosis/signal transduction
through phosphorylation of a single site (Stephens and Banting. 1997). These tyrosine
motifs may play an important role in the integration of localization and activation signals.
Subsequent experimentation has also revealed that SHP-2 may not directly associate with
CTLAA4. as had been previously indicated. but the association may occur through an
intermediate. perhaps PI-3K (Schneider and Rudd. 2000).

Downstream of the initial signal transduction events, CTLA4 ligation inhibits
TCR/CD28 signaling at the level of extracellular signal-regulated kinase (ERK) and jun
n-terminal kinase (JNK) activation (Calvo et al.. 1997). It was reported that CD3C
phosphorylation was unaffected by CTLA4 signaling, and the reason for the discrepancy
between the results of Calvo and Lee is unclear. The identification of ERK and JNK as
points where CTLA4 can affect T cell activation fits with the observed downregulation of
IL-2 by CTLA4. as ERK and JNK activation is required for IL-2 transcription. Likewise.
there have been reports that CTLA4 reverses CD28-mediated activation of NF-kappaB.
AP-1 and NFAT. transcription factors essential for IL-2 gene expression (Olsson et al..
1999: Fraser et al.. 1999: Pioli et al.. 1999). Taken together. CTLA4 inhibition of
TCR/CD28 signaling has been demonstrated at sevgral stages. from limiting
phosphorylation at a membrane proximal site. to limiting activity of important
transcription factors.

CTLA4 interacts with PI-3K. and ligation with anti-CTLA4 antibody results in
increased PI-3K activity (Hutchcroft and Bierer. 1996: Saito. 1998). A considerable

body of work has demonstrated an association between CD28 and PI-3K. and it may be



important for IL-2 production and Bcl-xI upregulation (Slavik et al.. 1999). If PI-3K is
important for CD28 to deliver a positive signal. what is the functional consequence of PI-
3K recruitment by CTLA4? One possibility is that CTLA4 sequesters PI-3K away from
CD28. by nature of its primarily intracellular localization, thereby preventing signal
transduction by CD28. Or another possibility is that CTLA4 and CD28 have common
intracellular binding partners. indicating a partial overlapping of function. This
hypothesis provides a basis for the ability of CTLLA4 to provide costimulation under some
circumstances.

Recently. two reports provided data that call into question whether activation-
induced tyrosine phosphorylation of CTLA4 initiates recruitment of SHP-2 or other
molecules that inhibit TCR/CD?28 activation. Both showed that tyrosine phosphorylation
is not required for the downregulatory signal. Inhibition of ERK activation and IL-2
production occurs through mutant CTLA4 lacking both tyrosines. and also in the absence
of Lck and ZAP-70 (Baroja et al.. 2000). [t was suggested that phosphorylation of
CTLAAJ is required only in that it allows CTLA4 to be retained on the cell surface (and to
interact with B7). Association with signal transduction molecules would then occur
independently of tyrosine phosphorylation. The second study also demonstrated CTLA4
inhibition of IL-2 production through mutants lacking tyrosine residues. and also
localized the region important for signal transduction to 11 amino acids in the n-terminal
half of the cytoplasmic domain (Cinek et al.. 2000). This region includes the YVKM
motif that had been identified as the binding site for AP50. PI3-K and SHP-2. Its does
not include the adjacent proline-rich SH3 binding motif, or the c-terminal YFIP SH2

binding motif. It is possible that CTLA4 recruits signaling molecules in both



phosphotyrosine-dependent and -independent interactions. Consistent with this model.
IL-2 production was less efficiently inhibited by the CTLA4 construct lacking tyrosines
than by wild-type CTLA4. Also. other downstream effects of CTLA ligation (for
example, proliferation) were not quantitated with the mutant CTLA4 construct. and may
have a greater dependence on tyrosine phosphorylation than does [L-2 production. A
more complete understanding of the signal transduction pathways utilized by CTLA4
would also promote understanding of its mechanism and function. The research
presented in this dissertation investigates the signal transduction events following CTLA4
ligation. by looking at tyrosine phosphorylation events. and by searching for proteins

which bind the cytoplasmic domain of CTLAY.

F. Thl and Th2 differentiation

Helper T cells (Th) can be separated into two different categories. depending on
the cvtokines they secrete (Mosmann and Coffman. 1989). Thl cells secrete interferon-y.
IL-2 and IL-12. and Th2 cells secrete IL-4. [L-53. [L-6. IL-9. and IL-13. Thl and Th2
responses also differ in the activities of non-T cell populations. in the isotvpe of
immunoglobulin produced. and against which type of infection it protects. Thl responses
are characterized by: natural killer cell and macrophage activity: serum IgG2a
production: protection against bacteria. viruses and intracellular parasites. Th2 responses
include: mast cell activation and eosinophilia; serum IgE and IgG1 production: protection
against extracellular parasites.

Often. the Thl versus Th2 cell differentiation decision can determine whether the

immune response to a pathogen is protective or not. A well-documented example of this



dichotomy is the response to Leishmania major infection. Different strains of mice
respond with either Thl or Th2 characteristics. depending on their genetic background.
Strains of mice that develop a Thl response to the protozoan parasite L. major resolve the
infection. and develop resistance to reinfection. On the other hand. a Th2 response is not
protective. and strains of mice that develop a Th2 response are unable to control the
infection. The importance of the cytokine milieu in determining whether a response
promotes clearance of the infection is illustrated in mice that have received antibody
intervention to alter their cytokine profiles. When resistant mice are depleted of [FNy. by
administration of anti-IFNy antibody. they respond to L. major with Th2 characteristics
and they are no longer able to control the infection (Belosevic et al.. 1989). Conversely.
susceptible mice depleted of IL-4 by anti-IL-4 antibody treatment develop a Th1 response
that allows them to resolve the infection (Chatelain et al.. 1992).

In the case of nematode parasites. often a Th2 response is protective. and a Thl
response leads to susceptibility (Finkelman et al.. 1997). Effector functions associated
with protective responses to nematode parasites (IgE production. mastocytosis.
eosinophilia) are dependent on Th2 cytokines (Urban. Jr. et al.. 1992). Th2 responses are
effective in controlling Trichuris muris infection. and whether or not an appropriate
response is generated varies with the genetic background of the mouse. As with
responses to L. major. a Th2 response can be converted to a Thi response and vice versa
by manipulating the cytokine microenvironment. Experiments utilizing cytokine
depletion. blockade of cytokine receptors. and gene disruption have demonstrated the
importance of [L-4. IL-9 and IL-13 for development of a protective Th2 response to T.

muris. and of IFNy and IL-12 for the development of an ineffective Thl response (Else et



al.. 1994; Richard et al.. 2000: Faulkner et al.. 1998: Bancroft et al., 1998: Bancroft et al..
1997).

As it does with immune responses to infectious pathogens. the decision to develop
a Thi versus a Th2 response to environmental or self antigens also plays an important
role in autoimmune disease and allergy. Thl versus Th2 decisions are important in the
immunopathology of multiple scierosis. autoimmune diabetes. rheumatoid arthritis. other
autoimmune disorders. and allergy (Singh et al.. 1999). In particular. Th2 responses are
associated with allergy. asthma and some systemic autoimmune diseases such as lupus.
Thl responses are associated with multiple sclerosis and other organ-specific
autoimmune disorders. The identification of mechanisms that cause autoimmune disease
may provide an opportunity to intervene and redirect the immune system to provide
clinical relief. An understanding of the factors involved in the Th1/Th2 cell fate decision
is necessary to develop therapies. Especially important is an evaluation of the ability of
differentiated T cells to deviate from Thl to Th2 (or vice versa).

Several factors influence Thl versus Th2 differentiation. As discussed. the
cytokine microenvironment in which the T cells are activated and the genetic background
of the immunized individual contribute to this decision. Also important are the strength
of TCR signaling. the strength of costimulation, and the nature of the antigen. CTLA4 is
expressed on both Thl and Th2 cells. so it has the potential to influence both
compartments (Alegre et al.. 1998). It has been observed that blockade of CTLA4
negative signaling can enhance both Thl and Th2 responses. without immune deviation
to the opposite type (McCoy and Le Gros. 1999). These data support a model in which

increased costimulation serves to amplify either response. whichever is already present.



However. substantial research has shown that Th2 responses are more dependent than
Thl responses on B7 costimulation (Harris and Ronchese. 1999). A model that is
consistent with these data describes the Th1/Th2 decision as based on the balance
between strength of signaling and the innate response (Gause et al.. 1999). The Th2
response is favored by increasing strength of signal (both TCR signal and costimulatory
signal) relative to the innate response. This model is tested in my dissertation. It was
tested whether blockade of CTLA4 increased the strength of signal. enabling a Thl
response to shift to a Th2 response.

Recently. a number of reports have been published that are consistent with our
model. The data have supported a role for CTLA4 signaling in limiting the development
of Th2 responses (Oosterwegel et al.. 1999b: Kato and Nariuchi. 2000). Likewise. CD28
signaling has been linked to promotion of Th2 responses (Khattri et al.. 1999: Kubo et al..
1999). A mechanistic explanation may be that Th2 cytokine gene transcription is
dependent on signal transduction molecules associated with synergistic activation of T
cells by CD28/TCR ligation (Hehner et al.. 2000). CTLA4 negative signaling may
oppose these same pathways. Manipulation of CTLA4 signaling may provide an avenue

to alter the Th1/Th2 balance of immune responses (Anderson et al.. 1999).

G. Infectious disease models of the immune response: H. polygyrus and T. muris
Gastrointestinal nematodes are one of the most widespread sources of infection in

humans (Finkelman et al.. 1997). Endemic in much of the developing world. infection

rates approach 100% in some areas. Rodent models of nematode infection provide a

valuable tool for analyzing immune responses to these pathogens. Experiments with



these models have revealed that immunity to gastrointestinal nematodes is dependent on
CD4" T cells, and Th2 responses are protective while Th1 responses are not.

H. polygyrus. a native murine parasite. has been used extensively in our lab
(Greenwald et al.. 1999; Gause et al.. 1997a: Greenwald et al.. 1997; Gause et al.. 1996:
Lu et al.. 1994: Svetic et al.. 1993). Infection is initiated by ingestion of third-stage
larvae. The larvae invade the wall of the small intestinc. where they mature into adults
eight days after inoculation. Upon maturation. the adults enter the lumen of the small
intestine. They inhabit the lumen for varying lengths of time. depending on the strain of
mouse. In BALB/c mice. the strain used in these studies. a chronic infection develops.
The infection persists in spite of the polarized Th2 immune response that is mounted in
response to the pathogen. The highly polarized nature of the response to H. polvgyrus
allows the opportunity to study the mechanisms involved in the development of Th2
immune responses. Although Th2 responses provide resistance to nematode infections.
they are also associated with allergy and some autoimmune disorders. Understanding the
development of Th2 responses may uncover ways to increase the response to nematode
parasites to promote clearance of infection. and may also uncover ways to decrease the
response against environmental or self antigens to provide relief for allergy or
autoimmune diseases.

Another parasite utilized in our lab is 7. muris. which is closely related to the
human parasite 7. trichiura (Finkelman et al.. 1997). Like H. polygyrus. infection begins
with ingestion of infective 7. muris larva. The infective form of 7. muris is a first-stage
larva encased in an egg. Following ingestion. the larva imbeds in the epithelium of the

cecum and colon. While most nematode parasites elicit Th2 immune responses. 7. muris



is unusual in that it elicits either a Th1 or Th2 response. depending on the strain of mouse
infected, with the former leading to a chronic infection and the latter successfully
eliminating the pathogen (Else et al.. 1994). AKR mice. utilized in this doctoral research.
develop a chronic infection. with both Thl and Th2 characteristics present in their
immune responses. and Thl being more prominent. This unusual property affords the
opportunity to examine the Th1/Th2 decision in the activation of the T cell. As Th1/Th2
differentiation is important in the development of effective responses to infection, and
also in the development of autoimmunity. an understanding of the mechanisms involved

may lead to the ability to redirect immune responses for the clinical benefit of the patient.

H. Experimental design and specific goals of the project

The focus of this doctoral dissertation research is on the role of costimulation in
the development of T cell-dependent Th2 immune responses, with particular emphasis on
CTL A4 as a mediator of downregulation. The first hypothesis tested here is that delayed
inhibition of CTLAJ interactions during the Th2 immune response can enhance the
response. As discussed previously. blockade of CTLA4 function by administration of
anti-CTLA4 antibody can enhance the response to N. brasiliensis. when given
concurrently with onset of infection (McCoy et al.. 1997). These data support CTLA4 as
a negative modulator of the immune response to infectious disease. However, whether
blockade of CTLA4 could enhance the response once infection had already been
established had not been investigated. Also. these data should be reconciled with the
ability of CD28-deficient mice to mount polarized Th2 immune responses to H.

polygyrus. To test whether CTLA4 functions as a negative regulator late in the immune
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response. BALB/c mice were inoculated with H. polygyrus. and treated with anti-CTLA4
antibody or control antibody beginning eight days after inoculation. when infection had
been well established. Changes in the immune response were quantitated by analyzing
serum immunoglobulin concentrations. cytokine secretion. expression of activation
markers and size of T and B cells. and egg production of the pathogen. The data
generated in these experiments further understanding of the role CTLA4 plays in the
response to infectious disease. It is important to examine its role late in the response. a
more clinically relevant timepoint of intervention than concurrently with inoculation.
The second hypothesis tested in this work is that blocking CTLA4 interactions
can promote deviation toward a Th2 response. The Thi versus Th2 nature of the
response to 7. muris determines whether the response is curative or inappropriate. A Thl
response can be deviated to a Th2 response. and vice versa. by manipulating the cytokine
environment (Else et al.. 1994). Recent data generated in our lab has indicated that
strength of costimulation is also important in determining which kind of response is
elicited. BALB/c mice normally respond to 7. muris with Th2 characteristics. and clear
the infection rapidly. Reducing the strength of costimulation by CTLA4lg administration
causes immune deviation toward a Th1 response. resuiting in loss of protection (Urban et
al.. 2000). To test whether increasing the strength of costimulation can cause immune
deviation toward a Th2 response. AKR mice were infected with 7. muris. Beginning
eight days after inoculation. the mice were treated with anti-CTLA4 antibody or control
antibody. The nature of the immune response was monitored to determine whether the

treatment resulted in immune deviation.
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The third hypothesis tested is that changes in the intracellular events caused by
blockade of CTLA4 in wild-type mice are similar to the changes in intracellular events
caused by loss of the CTLA4 gene. CTLA4-deficient mice display severe uncontrolled
lymphoproliferation. resulting in death at an early age. Molecularly. increased
phosphorylation of signaling proteins has been observed in CTLA4-deficient mice.
leading to the model that CTLA4 mediates negative signaling in normal mice by
recruiting and activating SHP-2 phosphatase (Marengere et al.. 1996). To investigate the
intracellular events following CTLA4 blockade. BALB/c mice were inoculated with H.
polvgyrus and treated with anti-CTLA4 antibody or control antibody beginning eight
days after infection. The proteins from mesenteric lymph nodes were analyzed for
tyrosine phosphorylation thirteen days after infection. The phosphotyrosine patterns
from anti-CTLA4 antibody treated animals were also compared with those from CTLA4-
deiicient mice. These experiments were designed to investigate whether CTLA4
blockade by antibody and loss of the CTLA4 gene result in similar alterations of
intracellular events.

The fourth hypothesis tested is that signaling proteins that bind CTLA4 and/or
CD28 may be identified by screening a novel cDNA library with the CTLA4 and CD28
cvtoplasmic domains. A novel cDNA library was constructed from the mesenteric lymph
nodes of mice eight days after H. polygyrus inoculation. to ensure that the library was
representative of genes expressed during a strong immune response. The library was
screened for binding to the cytoplasmic domains of CTLA4 and CD28. Identifying the
intracellular proteins that bind costimulatory receptors may shed light on their

mechanisms.



The fifth hypothesis tested is that blockade of all B7/CD28/CTLA4 interactions
after initiation of the immune response can inhibit the immune response. CTLA4dIgisa
fusion protein constructed from the extracellular portion of CTLA4 fused to an
immunoglobulin Fc region. This construct binds both B7-1 and B7-2. preventing their
interactions with both CD28 and CTLA4. CTLAGJIg treatment is effective in blocking
the response o H. polygyrus when administered at the initiation of infection (Lu et al..
1994). However. effector T cells may be less sensitive to loss of costimulation than naive
T cells. In addition. CTLA4 is upregulated upon activation of T cells. and CTLA4/B7
interactions may predominate over CD28/B7 interactions after the response has been
initiated. To test this hypothesis. both T. muris-infected AKR mice and H. polygyrus-
infected BALB/c mice were treated with CTLA4Ig or control fusion protein late after
inoculation. Parameters of the immune response were measured. to determine whether
delayed CTLA4Ig treatment altered the strength or type of immune response.
Immunotherapies aimed at ameliorating autoimmunity will be utilized in patients whose
self-reactive T cells have already been activated. so it is important to evaluate

manipulation of costimulatory pathways as a means to inhibit effector T cells.



Il. Materials and Methods

A. Animals

Eight to 12 week old female BALB/c and AKR mice were used for experiments
involving H. polygyrus and T. muris infection. All animals were purchased from Charles
River Laboratories. National Cancer Institute. Frederick. MD. The experiments reported
herein were conducted according to the principles set forth in the “Guide for the Care and
Use of Laboratory Animals.” Institute of Animal Resources. National Research Council.

Department of Health. Education and Welfare.

B. Antibodies

In vivo antibody intervention experiments included the use of hamster anti-
CTLAA4 antibody (4F10). control normal Syrian hamster IgG (Pierce.Rockford. [L). the
murine fusion protein CTLA4ig. and its control. murine L6. CTLA4Ig and L6 were
provided by Dr. Robert Peach (Bristol-Myers Squibb. Princeton. NJ).

Quantitation of serum IgE by ELISA used a pair of anti-IgE antibodies. provided
by Dr. Fred Finkelman (Division of Immunology. University of Cincinnati College of
Medicine. Cincinnati OH): clone EM95 was used for capture. and biotinylated RIE4 was
used for detection. Streptavidin alkaline phosphatase (Pharmingen. San Diego. CA) was
used to detect biotinylated antibody. To quantitate serum [gG1 and [gG2a. goat anti-
mouse IgGl and goat anti-mouse IgG2a polyclonal antibodies (The Binding Site,

Birmingham. UK) were used for capture. Alkaline phosphatase-conjugated goat anti-
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mouse IgG1 and goat anti-mouse IgG2a polyclonal antibodies (Southern Biotechnology
Associates. Birmingham. AL) were used for detection .

For ELISPOT. pairs of monoclonal antibodies that bind to different epitopes of
IL-4 (BVD4-1D11.2 and biotinylated-BVD6-24G2.3) and [FNy (R46A2 and
biotinylated-XMG-6) were used (Chatelain et al.. 1992). Streptavidin-conjugated alkaline
phosphatase (Jackson Immuno Research. West Grove. PA) was used as a second step for
biotinylated antibodies. To stain for FACs analysis. FITC anti-CD4 (GK1.5). biotin anti-
IL-2R (7D4). cychrome anti-B220 (RA3-6B2). and biotin anti-la® (MHC class Il. MKD6)
antibodies were used (Pharmingen. San Diego. CA). Streptavidin-phycoerythrin (Becton
Dickinson. Franklin Lakes. NJ) was used as a second step to detect biotinylated
antibodies.

Anti-phosphotyrosine (4G10. Upstate Biotechnology. Lake Placid. NY) and anti-
CD3Z (3A1. Transduction Laboratories. San Diego. CA) were used for
immunoprecipitation and western blotting. Horseradish peroxidase-conjugated anti-

mouse IgG (polyclonal. Transduction Laboratories) was used to detect blotting antibody.

C. Chemicals and reagents

Quantitation of serum immunoglobulins by ELISA required the following
reagents: p-nitrophenylphosphate. methylumbelliferyl phosphate (Sigma. St. Louis. MO):
IgG1 standard. IgG2a standard (The Binding Site): IgE standard (Pharmingen): powdered
non-fat milk: fetal calf serum (HyClone. Logan. UT): and Immulon II 96-well

polystyrene flat-bottomed plates (Dynex. Chantilly. VA).
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ELISPOT and FACs analysis used the following reagents: RPMI 1640 media
(BioWhittaker. Walkersville. MD): phosphate buffered saline (Quality Biological.
Gaithersburg, MD): fetal calf serum (HyClone): 5-bromo-4-chloro-3-indoyl phosphate. 2-
amino-2-methyl-1-propanol (Sigma): paraformaldehyde (Fischer. Pittsburgh. PA);
SeaPlaque low-melt agarose (FMC Bioproducts. Rockland. ME): and Immulon [l 96-well
polystyrene flat-bottomed plates (Dynex).

Immunoprecipitation used the following reagents: sodium pyrophosphate. sodium
fluoride. sodium orthovanadate. phenylmethylsulfonylfluoride. aprotinin. pepstatin.
leupeptin (Sigma). Bradford assay kit (Biorad. Hercules. CA): and Protein A sepharose
(Pharmacia. Piscataway. NJ). The following reagents were used for western blotting: 4-
12% NuPage Bis-Tris gels. NuPage LDS sample buffer. MOPS running buffer (Novex.
San Diego. CA); Immobilon-P membrane (Millipore. Bedford. MA): Multiphor
NovaBlot (semi-dry) electro-blot system (Pharmacia): and ECL reagents (Pierce).

The following reagents were required for veast two hybrid procedures. Amino
acids. nucleic acids. 3-aminotriazol. dextrose. 3-fluoroorotic acid. lithium acetate.
magnestum sulfate. polyethylene glycol 3350 (Sigma): bacto-peptone. bacto-yeast
extract. yeast nitrogen base without amino acids and ammonium sulfate (Difco. Detroit.
MI): Biodyne A neutral nylon. X-gal (Life Technologies. Gaithersburg. MD): ammonium
sulfate (JT Baker. Phillipsburg. NJ). dimethylformamide (Aldrich. Milwaukee. WI):
sheared salmon sperm DNA (5Prime 3Prime. Boulder. CO): potassium chloride.
monobasic sodium phosphate. dibasic sodium phosphate (Mallinckrodt. Phillipsburg.

NJ): and a replica plating block and velveteen squares (ReplicaTech. Princeton. NJ).
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Several chemicals were obtained from Sigma that were used in multiple
procedures and experiments: sodium azide. Tween-20. Tris-HCI. Tris 7-9. magnesium
chloride. sodium bicarbonate. boric acid. sodium chloride. EDTA. Triton X-100. and

bovine serum albumin.

D. Parasites

BALB/c mice were inoculated orally with 200 infective. ensheathed. third-stage
H. polygyrus larvae by using a ball-tipped feeding tube (Svetic et al.. 1993). H.
polvgyrus larvae were propagated on vermiculite-fecal cultures. separated using a
Bearmann apparatus. washed in saline. and stored at 4°C until use (specimens on file at
the U.S. National Parasite Collection. U.S. National Museum Helminthological
Collection. No. 81930. Beltsville. MD). Adult worm and egg numbers were quantitated
as previously described (Urban. Jr. etal.. 1991).

AKR mice were inoculated orally with 500 7. muris eggs containing first-stage
larvae (Wakelin. 1967). T. muris eggs were originally provided by Dr. Richard Grencis
(University of Manchester. Manchester. UK). Worm numbers were quantitated as
previously described (Else et al.. 1990). To propagate 7. muris. eight to ten week old
female AKR mice were inoculated orally with 500 infective eggs. and adult worms were
recovered from the cecum and proximal colon by removal with insect forceps at day 35
after inoculation. Worms were washed ten times in sterile saline and placed in 24-well
tissue culture plates containing RPMI 1640 medium with 100 units penicillin. 100 pg
streptomycin. and 2.5 ug /gentamycin per ml at 37°C in a humidified atmosphere of 95%

0> and 5% CO,. Worms were transferred to fresh media at 24 and 48 hours. The
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conditioned media and excreted eggs were centrifuged to recover supernatant (containing
parasite products as a source of antigens) and the eggs in the pellet. The eggs were
washed three times in sterile saline. and incubated at room temperature for 35-40 days in
filtered tap water with intermittent shaking and water replenishment. The eggs were

adjusted to 5.000 eggs per m! filtered tap water and stored at 4°C until use.

E. Anti-CTLA4 antibody administration
After oral inoculation with H. polygyrus or T. muris. mice were administered anti-
CTLA4 monoclonal antibody by tail vein injection. Mice were given 0.2-1.2 mg

antibody as indicated. Normal hamster [gG was given at the same dose as a control.

F. CTLAJIg administration
H. polvgyrus- or T. muris-inoculated mice were administered 0.1-0.2 mg murine

CTLAd4lg. The fusion protein L6 was given at the same dose as a control.

G. Quantitation of serum immunoglobulins

Serum immunogiobulin concentrations were determined by micro-ELISA assay.
For serum IgE quantitation. Immulon Il 96-well plates were coated with anti-IgE capture
antibody (EM95) at 10 pg/ml. and blocked with 5% milk buffer (5% powdered milk. 100
mM Tris. 0.2% sodium azide). Serial dilutions of serum samples and IgE standard were
added and incubated overnight at 4°C. The plates were washed with MBTA (0.25%
powdered milk. 100 mM Tris. 0.2% sodium azide. 0.5% Tween). IgE was detected with

the addition of biotinylated-anti-IgE detection antibody (RIE4) at 2 pg/ml. The plates



were washed with MBTA. incubated with streptavidin-alkaline phosphatase. washed. and
developed with p-nitrophenylphosphate as substrate at | mg/mlin | M Tris. 0.3 mM
magnesium chloride. Results were read at 405 nm with a microplate ELISA reader
(Finkelman et al.. 1987).

To quantitate serum IgG concentrations. Immulon 1l 96-well plates were coated
with goat anti-mouse IgG1 or goat anti-mouse IgG2a polyclonal capture antibody at 10
ug/ml. and blocked with 1% fetal calf serum (FCS) in borate buftered saline.
Alternatively. to quantitate antigen-specific IgG. plates were coated with 4. polvgyrus
extract or 7. muris excretory-secretory antigen (ES). and blocked with 10% milk buffer.
H. polvgyrus extract was prepared by homogenizing adults worms. and clarifving the
supernatant by centrifugation. 7. muris ES was produced as previously described
(Bancroft et al.. 1998). Serial dilutions of serum samples and IgG standard were added
and incubated overnight at 4°C. The plates were washed with 0.02% Tween/borate
buffered saline. and IgG was detected with the addition of goat anti-mouse IgG1 or goat
anti-mouse 1gG2a polyclonal antibody conjugated with alkaline phosphatase. The piates
were washed with 0.02% Tween/borate buffered saline. and developed with
methylumbelliferyl phosphate as substrate at 0.5 mg/ml in 50 mM sodium bicarbonate. |
mM magnesium chloride. Results were detected with a microplate ELISA fluorescence

reader.

H. ELISPOT
The frequencies of IL-4- and IFNy-producing cells were determined by ELISPOT,

as previously described (Morris et al.. 1994). Immulon II 96-well plates were coated
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overnight at 4°C with anti-IL-4 (BVD4-1D11.2) or anti-IFNy (R46A2) capture antibody
at 10 ug/ml in phosphate buffered saline (PBS). The plates were washed three times with
0.05% Tween in PBS. three times with PBS. and then blocked with 5% FCS in RPMI
1640 a minimum of 1 hour at 37°C. Single cell suspensions were prepared from
mesenteric lvmph nodes by gently pressing the tissue against a fine wire mesh while
immersed in cold RPMI + 5% FCS. filtered through plastic mesh. and gently centrifuged
to collect the cells. The volumes of the cell pellets were adjusted with cold RPMI + 5%
FCS to five million cells per ml. Serial dilutions of the cell suspensions from each mouse
were added in duplicate to the coated plates and incubated for three hours or overnight at
37°C. The plates were washed three times with PBS and three times with 0.05% Tween
in PBS. Biotinylated anti-IL-4 (BVD6-24G2.3) or anti-IFNy (XMG-6) was added and
incubated one hour at 37°C. After washing three times with PBS and three times with
0.05% Tween in PBS. streptavidin-conjugated alkaline phosphatase was added at 1:1000
dilution in 0.05% Tween + 5% FCS + PBS and incubated one hour at 37°C. Following a
final wash five times with PBS. the plates were developed with 5-Bromo-4-chloro-3-
indoyl phosphate as substrate at | mg/ml in 0.1 M 2-amino-2-methyl-1-propanol buffer.
with 0.6% SeaPlaque agarose. The plates were incubated overnight and the number of
blue spots per well were counted with a dissecting microscope. Each spot represents a

single cytokine secreting cell.

I. Cell labeling and analysis
Single cell suspensions from mesenteric lymph nodes were prepared as described

for ELISPOT. and washed in 2% FCS in PBS. The concentration of cells was adjusted to
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ten million cells per ml. One million cells were used for each sample. Before staining
for surface markers. non-specific binding was blocked by adding anti-FcyRII (24G2)
(Unkeless. 1979) at 1 ug per sample. Cell suspensions were then dual stained with FITC
anti-CD4 and biotin anti-IL-2R antibodies or cychrome anti-B220 and biotin anti-MHC
class Il antibodies. and incubated for 30 minutes on ice. The celis were washed with 2%
FCS in PBS. centrifuged to collect the cells. and resuspended in 2% FCS in PBS. To
detect the biotinylated antibodies. the cells were stained with streptavidin-PE. incubated
and washed as above. The cell pellet was resuspended in 2% paraformaldehyde in PBS
and stored at 4°C in the dark. Dual-color flow cytometric analysis was performed with
an Epics ELITE flow cytometer (Coulter Electronics) with an argon laser as the

excitation source (Svetic et al.. 1991).

J. Quantitation of cytokine gene expression
1. Isolation and purification of RNA

Cytokine gene expression was quantitated as previously described (Svetic et al..
1991: Svetic et al.. 1993). Tissues were homogenized in RNAzol at 50 mg tissue per ml
immediately after collection. frozen in liquid nitrogen. and stored at -70°C for later
analysis. To extract the RNA. the samples were warmed at 37°C for 5 minutes and
transferred to 2 mli tubes. 200 ul chioroform was added per 2 ml homogenate. vortexed
for 15 seconds. and incubated in ice for 15 minutes. The suspension was centrifuged at
4°C at 12.000g for 15 minutes. The aqueous phasc was transferred to a fresh tube. and

precipitated with isopropanol. The resultant RNA precipitate was washed twice with
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75% ethanol. and suspended in 50 ul RNase-free water. The concentration and OD201280
were determined for each sample.
2. Reverse transcription

For each reverse transcription reaction. 1.8 ug RNA was diluted to 1 1.8 pl
RNase-free water. This solution was added to 13.2 ul reaction mix. consisting of: 2.5 ul
10 mM dNTPs: 5 pl SX RT buffer (260 mM Tris-HCI. 375 mM KCI. 15 mM MgCl,): 2
ul 100 mM dithiothreitol; 2 ul random hexamers (0.5 U/ pl): 0.5 RNasin (40 U/ ul): 1.2
ul reverse transcriptase (200 U/ ul). The samples were incubated at 37°C for one hour.
denatured at 90°C for 5 minutes. and cooled on ice for 5 minutes. The samples were
stored at -20°C.
3. Polymerase chain reaction

Each reaction consisted of 2.5 ul cDNA from the reverse transcription reaction.
4.0 ul dNTPs (2.5 mM). 5.0 ul 10X Taq polymerase buffer. 3.0 ul 25 mM MgCl,. 0.2 ul
Taq polymerase (5 U/ pl). 2.0 ul sense oligo primer (0.2 pg/ul). 2.0 ul anti-sense oligo
primer (0.2 ug/ul). and 31.1 ul water. The solution was mixed. and centrifuged briefly.
Mineral oil was added to each tube. After an initial incubation at 95°C for 5 minutes.
temperature cycling was initiated. Each cycle consisted of denaturation at 94°C for 45
seconds. annealing at 53°C for one minute. and extension at 72°C for 2 minutes. An
additional extension at 72°C for 7 minutes was carried out upon completion of the cycles.
The samples were stored at 4°C. For each gene product. the optimum number of cycles
was determined experimentally. and was defined as that number of cycles that would
achieve a detectable concentration that was well below saturating conditions. To verify

that equal amounts of undegraded RNA were added to each PCR reaction within an
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experiment. hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as an
internal standard. HPRT values did not vary more than two- or three-fold. Each cytokine
expression level was normalized to the expression of HPRT.
4. Southern blotting

A total of 10 ul of the final PCR reaction was run on a 1% agarose gel at 120V for
3 hours. The gel was denatured by soaking for 45 minutes in several volumes 1.5 M
NaCl. 0.5 N NaOH with constant. gentle agitation. The gel was rinsed briefly in
deionized water. and neutralized by soaking for 30 minutes in several volumes | M Tris
(pH 7.4). 1.5 M NaCl at room temperature with constant agitation. The DNA was
transferred to a Nytran membrane. and cross-linked using the UV Stratalinker 1800
(Stratagene. La Jolla. CA). Blots were prehybridized at 42°C for 6 hours in a solution
containing 6 XSSPE. 10X Denhardt’s. 1% SDS and 50 pg/ml ssDNA. The blots were
hybridized with **P-labeled oligoprobes at 49°C for 16 hours in a solution containing 6X
SSPE and 1% SDS. After hybridization. the blots were washed for 15 minutes in 6X
SSPE. 0.1% SDS and then 3-4 minutes in 2X SSPE or 1X SSPE at 49°C. Amplified PCR
product was quantitated by Phospholmager analysis (Molecular Dvnamics. Sunnyvale.

CA).

K. Immunoprecipitation and western blotting

Proteins from mesenteric lymph nodes were solubilized. immunoprecipitated and
western blotted as described (Kirken et al.. 1997: Marengere et al.. 1996). Mesenteric
lymph nodes were homogenized and incubated at 4°C for one hour in lysis buffer

containing 10 mM Tris. 5 mM EDTA. 50 mM NaCl. 30 mM sodium pyrophosphate. 50



mM sodium fluoride. | mM sodium orthovanadate. 1% Triton X-100. | mM
phenylmethylsulfonyifluoride. 5 ug/ml aprotinin. 1 ug/ml pepstatin A. and 2 pug/ml
leupeptin. The lysate was cleared by centrifugation. protein concentration was
determined by Bradford assay. and the concentrations of cach group were normalized.
Precipitating antibody (anti-phosphotyrosine or anti-CD3(. as indicated) was incubated
with the lysate for two hours at 4°C. Protein A sepharose was added and incubated for
one hour at 4°C. Precipitated proteins were washed three times with cold lysis buffer.
After the addition of NuPage LDS sample buffer. samples were stored at -70°C until
further analysis.

Protein samples were resolved on Novex 4-12% NuPage Bis-Tris gels with
MOPS running buffer. according to the manufacturer’s protocol. Proteins were
transferred to Millipore Immobilon-P membrane with a semi-dry electro-blot system
(Pharmacia NovaBlot). Membranes were incubated for one hour at room temperature
with a blocking buffer containing 1% BSA. 50 mM Tris and 150 mM NaCl. Membranes
were incubated with blotting antibody (anti-phosphotyrosine or anti-CD3C. as indicated)
at 1 pg/ml for 90 minutes at room temperature and washed (wash buffer 0.25% Tween
20. 50 mM Tris. 150 mM NaCl). Blotting antibody was detected with anti-mouse 1gG-

HRP. and developed with Pierce ECL reagents.

L. Yeast two hybrid system
The GeneQuest system (Life Technologies) was used for the veast two hybrid
experiments described here. GeneQuest is based on the system initially described by

Fields and Song (Fields and Song. 1989). with more recent modifications (Durfee et al..
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1993; Vojtek et al.. 1993: Chevray and Nathans. 1992: Vidal et al.. 1996a; Vidal et al..
1996b).
1. Plasmids

Plasmids pDBLeu and pPC86 were used in the veast two hybnid procedures.
These plasmids are low-copy ARS/CEN-based vectors which allow for consistent
expression of fusion proteins at levels closer to physiological conditions. when compared
with more common 2 micron-based vectors (Futcher and Cox. 1984).

pDBLeu contains the following sequences: the DNA binding domain of the
GALA4 transcription factor (GAL4-DB) under the constitutive. moderate strength
promoter of the yeast ADHI gene (alcohol dehydrogenase): the ARS4/CEN6 sequence
for replication in veast: the LEU2 gene for selection in veast in media lacking leucine: a
pUC-based origin of replication for maintenance in £. coli: the kanamycin resistance
gene for selection in E. coli in medium containing kanamycin at 25 pg/ml: a multiple
cloning site to allow for in-frame insertion of a gene to be expressed as a fusion with
GAL4-DB (Chevray and Nathans. 1992). pPC86 contains the following sequences: the
activation domain of the GAL4 transcription factor (GAL4-AD) fused to the SV40 large
T antigen nuclear localization signal. under the constitutive. moderate strength promoter
of the veast ADH1 gene: the ARS4/CENG6 sequence for replication in veast: the TRP1
gene for selection in yeast in medium lacking tryptophan: a pUC-based origin of
replication for maintenance in E. coli: the ampicillin resistance gene for selection in £.
coli in media containing ampicillin at 100 ug/ml: a muitiple cloning site to allow for in-

frame insertion of a gene to be expressed as a fusion with GAL4-AD.



The sequence of a known protein is inserted into pDBLeu (the bait). A cDNA
library to be screened is inserted into pPC86. Alternatively. a known protein is inserted
into pPC86 and is assayed for its interaction with the bait. Both approaches were used in
this work. The intracellular portions of CTLA4 and CD28 were used as bait to screen a
cDNA library. In addition. AP50 was tested for its interaction with CTLA4. and Lck was
tested for interaction with CTLA4 and CD28. These genes were amplified from an
activated lymphocyte cDNA library (described in the following section) using the
primers listed in Table A. Purified PCR products were digested and ligated into Not1 and
Sall sites in the multiple cloning site of the indicated plasmid. In-frame fusions of the
inserted genes with GAL4-DB and GAL4-AD were confirmed by sequencing in both
directions using the pDBLeu and pPC86 sequencing primers listed in Table B.

2. Construction of activated lvmphocyte library

BALB/c mice were infected with H. polvgyrus. and mesenteric lvmph nodes were
harvested at day eight. RNA was purified using RNAsol B (Tel-Test. Friendswood. TX)
and checked for quality on an ethidium-stained agarose gel. The RNA was reverse
transcribed using random primers. The cDNA inserts were ligated into pPC86. The
library contains 1.2*10® primary clones with an average insert size of 1.7kb. This library
was produced in collaboration with Life Technologies. and is currently commercially
available (Life Technologies cat# 11289014).

3. Media

For growth of untransformed veast host. YPAD rich medium was used (contains

bacto-yeast extract. bacto-peptone. dextrose. and adenine sulfate). In other yeast

procedures. synthetic complete (SC) dropout media were used (Lundblad et al.. 1989).



Table A. Primer sequences for amplification of constructs from activated lymphocyte library for yeast two hybrid

screen.

Gene PCR Primer Sequence Direction | Restriction |Plasmid
CTLA4 5'TACTGAGTCGACAAGAAGTCCTCTTACAAC Sense Sall pDBLeu
CTLA4 5'TAGTATGCGGCCGCCGGCCTTTCAGTTGATGGG Antisense | Notl pDBLeu
CD28 5’AAGGAAGTCGACAAGTAGAAGGAACAGA Sense Sall pDBLeu
CD28 5’AACTGAGCGCGGGCGTCAGGGGCGGTACG Antisense | Not! pDBLeu
AP50 5’AACCAAGTCGACCCCACAGAACTCAGAGAC Sense Sall pPC86
AP50 5'AACTGAGCGGCCGCACTAGCACCGGGTTTCATAAATG | Antisense | Notl pPC86
Ick STAGTATGTCGACCATGGCTTGTGTCTGC Sense Sall pPC86
lek S'TACTGTGCGGCCGCATCAAGGCTGGGGC Antisense | Notl pPC86

Y 4



Table B. Sequencing primers used to confirm in frame fusion of inserted genes in

yeast two hybrid system.

Plasmid Primer sequence Direction
pDBLeu S"GAATAAGTGCGACATCATCATC Sense
pDBLeu S’GTAAATTTCTGGCAAGGTACAG Antisense
pPC86 STATAACGCGTTTGGAATCACT Sense
pPC86 SGCAAATTTCTGGCAAGGGATAC Antisense
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The basic SC medium consists of veast nitrogen base (without amino acids and
ammonium sulfate). dextrose. ammonium sulfate. all amino acids and nucleic acids
except for leucine. tryptophan. histidine and uracil. Depending on the auxotrophy to be
tested. leucine. tryptophan. histidine and/or uracil were added to the basic SC medium.
For example. to test for dependence on leucine and tryptophan. only histidine and uracil
were added (SC-Leu-Trmp).
4. Transformation of CTLA4 and CD28 constructs into yeast host

To transform pDBLeuCTLA4 and pDBLeuCD28 (bait constructs) into MaV203
(the yeast host. (Vidal et al.. 1996a: Vidal et al.. 1996b)). competent cells were prepared
in the lab (Lundblad et al.. 1989). MaV203 was streaked from glvcerol stocks stored at -
70°C onto a YPAD plate and incubated for 24 hours at 30°C. Several isolated colonies
were suspended in 50 pl sterile distilled deionized water. Suspended cells were spread
onto the center of a YPAD plate and incubated for 24 hours at 30°C. The resulting cell
mass was scraped from the plate and suspended in 5 ml sterile distilled deionized water.
Suspended cells were added to 100 ml liquid YPAD medium to produce an ODgqq of
approximately 0.1. and incubated with shaking at 30°C until the ODggo reached 0.4. The
culture was spun down by centrifugation at 3000g for five minutes. resuspended in 40 ml
sterile distilled deionized water, and spun down again. The cell pellet was resuspended in
20 ml freshly prepared and filtered TE/LiAc (0.1M lithium acetate pH 7.5 in TE). and
spun down again. Following final resuspension in 350 ul TE/LiAc. the yeast cells were
ready for immediate transformation.

For each bait construct (pDBLeuCTLA4 and pDBLeuCD28). five small-scale

transformations were performed. and transformants were plated on appropriate selective
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media as described in Table C. For each transformation. 50 ul competent cells were
mixed with 100 ng each plasmid and 5 ul freshly boiled carrier DNA (sonicated herring
sperm or salmon sperm DNA 10 mg/ml). To the cell DNA mixture. 300 ul PEG/LiAc
(40% PEG 3350. 0.1 M lithium acetate in TE) was added and mixed gently. The
transformations were incubated 30 minutes at 30°C and heat-shocked for 15 minutes at
42°C. The cells were spun down at 8000g for 30 seconds. and the cell pellet was
resuspended in 500 pl sterile distilled deionized water. The transformed cells were plated
on the indicated selection plates and incubated 2 to 3 days at 30°C. Typically. 1.000
colonies are obtained per cotransformation. 10.000 per transformation with a singie
plasmid.
S. Titration of basal HIS3 expression

To correctly identify proteins which interact and induce HIS3 reporter gene
expression once the library had been co-transformed with the bait construct. it was
necessary to determine the concentration of 3-aminotriazole (3AT) required to inhibit
basal expression levels of HIS3 (Durfee et al.. 1993: Kishore and Shah, 1988). This basal
expression of HIS3 varies with the presence of different bait constructs and plasmids. and
was performed independently for each bait (pDBLeuX) plus pPC86. Once the threshold
of resistance to 3AT was determined. this concentration of 3AT was included in all
selection plates lacking histidine. This allowed slight increases in HIS3 expression to be
detected. so that weak interactions could be identified.

Four isolated pDBLeuX + pPC86 transformed colonies were patched onto an SC-
Leu-Trp plate. Also patched onto the same plate were two colonies from control strains

A-E (Chevray and Nathans. 1992: Vidal et al.. 1996a). The plate was incubated 18 hours
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Table C. Plasmids, purposes and selection media of five transformations performed

in yeast two hybrid system.

Transformation |Plasmids Purpose Selection Media
1 pDBLeuX Sequential transformation | SC-Leu
of library

2 pDBLeuX Test for self-activation of | SC-Leu-Trp

+ pPC86 pDBLeuX
3 pDBLeu Transformation control SC-Leu-Trp

+pPC86
4 pDBLeu Transformation control SC-Leu
5 none Transformation control SC-Leu

+ SC-Leu-Trp
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at 30°C. The growth on the plate was replica plated onto SC-Leu-Trp-His+3AT plates
plus 0. 10. 25. 50, 75. 100 mM 3AT. and immediately replica cleaned (Lundblad et al..
1989). The plates were incubated for 24 hours at 30°C. and replica cleaned again.
Following incubation for 2 days at 30°C. the growth on the 3AT plates was assessed.
The lowest concentration of 3AT where no growth was seen for the pDBLeuX ~ pPC86
transformed colonies was the concentration used in all plates lacking histidine. For both
pDBLeuCTLA4 and pDBLeuCD28. 10 mM 3AT was used.
6. Transformation of library into yeast host

The library was sequentially transformed into veast cells already containing the
bait construct (pDBLeuX). Several isolated pDBLeuX transformed colonies were
suspended in 100 pl sterile distilled deionized water and spread onto the centers of two
SC-Leu plates. The plates were incubated overnight at 30° C. From this point. the
transformation procedure was the same as outlined above (in Transformation of CTLA+4
and CD28 constructs into veast host) except that it was scaled up to produce one million
co-transformants. The cell mass from the SC-Leu plates was suspended in 10 ml sterile
distilled deionized water. and a sufficient volume was added to YPAD broth to produce
500 ml with an ODgg of 0.1. Once the culture reached an ODgyo of 0.4. the cells were
spun down and resuspended in 200 ml sterile distilled deionized water. and spun down
again. The cells were resuspended in 100 ml freshly prepared and filtered TE/LiAc. and
spun down. The cells were resuspended in a final volume of 2.5 ml TE/LiAc.

The prepared cells were split into 25 aliquots. To each aliquot. 0.5 ug cDNA
library and 5 ul freshly boiled carrier DNA was added and mixed. 600 pl PEG/LiAc was

added and mixed gently. The cells were incubated 30 minutes at 30°C. heat shocked 15
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minutes at 42°C. and spun down. Each cell pellet was suspended in 400 ul sterile
distilled deionized water. A small volume (20 pl) was set aside. to be used to estimate
the total number of transformants by plating on SC-Leu-Trp plates. The remaining
transformation mixtures were plated on 15-cm SC-Leu-Trp-His+3AT plates (one plate
per transformation. 235 plates total). and incubated for 60 hours at 30°C. Each plate was
replica cleaned. and incubated for an additional 2 to 3 days at 30°C. Resulting colonies
were streaked onto SC-Leu-Trp and incubated 48 hours at 30°C.

7. Analysis of reporter gene induction

Three reporter genes (HIS3. URA3. and lacZ) were used to reduce the occurrence
of false positives (Durfee et al.. 1993: Vojiek et al.. 1993: Vidal et al.. 1996a: Bartel et
al.. 1993). These genes are stably integrated at different loci of the yeast genome. and
have unrelated promoters. Growth on SC-Leu-Trp-His+3AT and SC-Leu-Trp-Ura plates
indicated expression of the HIS3 gene and URA3 gene. respectively. LacZ activity was
detected by growing yeast cells on alnylon membrane placed on a YPAD plate and then
performing an X-Gal assay on the membrane. The URA3 gene also allowed for a second
means to detect is expression: induction of the URA3 gene results in conversion of 5-
fluoroorotic acid (SFOA) to a toxic compound. S-fluorouracil. Growth inhibition resulted
from induction of the URA3 gene on medium containing SFOA.

To characterize potentially interacting transformants. single colonies were first
purified on SC-Leu-Trp for 48 hours at 30°C. Four isolated colonies were then patched
onto an SC-Leu-Trp plate. along with two colonies from each control strain A-E. This
plate was incubated for 18 hours at 30°C. The growth was replica plated onto four kinds

of plates: SC-Leu-Trp-His+3AT. SC-Leu-Trp-Ura. SC-Leu-Trp+0.2% SFOA. and a



nylon membrane placed on a YPAD plate. The 3AT and SFOA plates were replica
cleaned immediately. All plates were incubated for 24 hours at 30°C. An X-Gal assav
was then performed on the membrane. described in the following section. The remaining
three kinds of plates were replica cleaned. and incubated for another two days at 30°C.
The phenotypes of the potentiaily interacting transformants were then compared to
control strains A-E.

8. X-Gal assay

For each membrane analyzed. 10 ml of X-Gal solution was made (0.1% X-Gal.
1% N.N-dimethyl formamide. 0.6% 2-mercaptoethanol in 60 mM sodium phosphate
[dibasic]. 40 mM sodium phosphate [monobasic]. 10 mM potassium chloride. | mM
magnesium sulfate). A stack of three round 125 mm Whatman 341 filters was soaked
with the X-Gal solution. The membrane was removed from the surface of the YPAD
plate with forceps and placed onto a Whatman filter to dry for approximately three
minutes. The dried membrane was immersed in liquid nitrogen for 30 seconds and
placed on top of the soaked filters. Blue color. indicative of LacZ gene activity.
developed after 24 hours incubation at 30°C.
9. Purification, amplification, and re-transformation of candidate clone DNA

The sizes of the cDNA inserts of candidate clones were checked by PCR before
proceeding to purification. Clone inserts were amplified by PCR directly from yeast
using the Whole Cell Yeast PCR Kit (Bio 101. Vista. CA). A pipet tip was touched to a
fresh colony or cell pellet from a liquid culture. and the small amount of cells adhering to
it was resuspended in 5 pl cell lysis solution. The suspension was incubated for 3 hours

at 37°C. The suspended. digested cells were used as the PCR template.
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Purification of vectors encoding potentially interacting proteins (pPC86Y) was
accomplished by shuttle into £. coli. Three different methods were used. The first was
as described previously (Robzyk and Kassir. 1992). Yeast celis were grown in liquid SC-
Leu-Trp. spun down and resuspended in STET (8% sucrose. 50 mM Tris. 50 mM EDTA.
5% Triton X-100). Glass beads (425-600 micron. acid-washed. Sigma) were added to the
resuspended cells and vortexed at maximum speed for at least five minutes. The
suspension was placed in a boiling water bath for three minutes. chilled on ice. and spun
down. The resulting supernatant was precipitated with 7.5 M ammonium acetate. spun
down. and the cleared supernatant was decanted to a new tube. The cleared supernatant
was precipitated with 100% ethanol. washed with 70% ethanol. dried. and resuspended in
water. The resulting solution was used to transform chemically competent £. coli (Life
Technologies Max Efficiency DH5a).

Some clones were refractory to shuttle by this method. so one of two additional
methods were emploved. In some cases. the RPM Yeast Plasmid [solation Kit (Bio 101)
was used. A small volume of SC-Leu-Trp culture (1-2 ml) was pelleted. decanted. and
the cell mass was vortexed with lysis matrix and alkaline lysis solution for at least five
minutes. The solution was neutralized and spun down. The supernatant was transferred
to a spin filter along with glassmilk spin buffer. and spun through to the catch tube. The
DNA. adhering to the filter. was washed two times. and eluted with water. The resulting
solution was transformed into £. coli (Life Technologies ElectroMax DH10B) by
electroporation (2.5 kV. 25 pF. 200 ohms. 0.2 cm gap). A second shuttle method was
performed as outlined in the GeneQuest manual. Yeast cells were grown in liquid SC-

Leu-Trp. pelleted. resuspended in freshly prepared 3% SDS. 0.2 M NaOH. and incubated
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at room temperature for 15 minutes. TE. 3 M sodium acetate. and
phenol:chloroform:isoamyl alcohol were added. and the solution vortexed at maximum
speed for at least two minutes. The phenol extraction was repeated with the upper
aqueous layer. The aqueous layer was precipitated with cold isopropanol. the pellet
washed with 70% ethanol and resuspended in TE. This solution was transformed into £.
coli by electroporation.

All interacting clones (pPC86Y) were reconfirmed by retransforming back into
the yeast host strain. Plasmid DNA was purified from E. coli using Promega Wizard
minipreps. and co-transformed into yeast along with pDBLeuX with Bio 101 EZ Yeast
Transformation Kit. A small volume of SC-Leu-Trp was cultured until the ODggo = 0.8-
0.9. The culture was spun down and decanted. Plasmid DNA. carrier DNA. and
transformation buffer were mixed with the cells. The cells were incubated overnight at
room temperature without mixing. allowing the cells to settle to the bottom of the liquid.
The cells were transferred from the bottom of the tube. plated on SC-Leu-Trp. and
reporter gene induction was characterized. Cotransformants consisting ot the interacting
clone (pPC86Y) plus the empty bait vector (pDBLeu) were also tested for self-activation
of the interacting clone in the absence of the bait. Clones which reproduced the reporter

gene induction (and also tested negative for self-activation) were sequenced.

M. Data analytic strategies
For ELISPOT and egg production. the data were calculated as the mean + SEM.
For quantitation of serum immunoglobulin concentration. the geometric means and SEM

were calculated. RT-PCR analysis of cytokine gene expression was conducted as
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previously described (Peterson et al., 1994). A log transform was made of the ratio of the
corrected densities for cytokine mRNA measurements to the corrected densities for the
housekeeping gene. HPRT. For each treatment group. the mean of these values was
calculated and the mean of the log transformed ratio for untreated values was subtracted
from these means. The antilog values of these differences were then plotted along with
their standard error. A proportion of 1~ indicates that the value for a treated group
equals the value for the untreated control group.

One-way analysis of variance was utilized to compare treatment groups. If the
results were significant. then two-tailed Tukey-HSD tests were conducted to determine
statistical significance of pairwise combinations. A p value less than or equal to 0.05 was
considered statistically significant. In experiments with two treatment groups. Student’s t
test was conducted to determine statistical significance. SigmaStat 2.03 software was

used for all statistical comparisons.
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1. Results.

A. Studies on the effects of CTLA4 blockade during a polarized Th2 immune

response to an infectious pathogen.

1. Administration of anti-CTLAJ antibody to H. polygyrus-infected BALB/c mice
does not enhance the immune response.

Previous reports have demonstrated that T cell activation can be enhanced by
CTLA4 blockade at the initiation of an immune response (Leach et al.. 1996: McCoy et
al.. 1997). CTLA4 expression in naive T cells is restricted mainly to intracellular pools.
and expression on the cell surface rapidly increases within 24 hours upon activation of
the T cell (Chuang et al.. 1997). This suggests that CTLA4 would be more available for
inhibitory signaling after initiation of the immune response. when T cells have
differentiated to effector T cells and CTLA4 is more fully expressed on the cell surface.
However. it may be that in some systems effector T cells are less sensitive to B7 ligand
interactions than naive cells (Gause et al.. 1997b): if so. then CTLA4 blockade late in the
response may not be effective. These experiments were designed to determine whether
blockade of CTL A4 negative signals by anti-CTLA4 antibody administration during an
ongoing Th2 response to an infectious pathogen can enhance T cell activation.

BALB/c mice (5 per group) were orally inoculated with 200 third-stage H.
polygyrus larvae. Anti-CTLA4 antibody or control antibody was administered by i.v.
injection at 200 ug doses at days 9. 14. and 19 after H. polvgyrus inoculation. Serum

immunoglobulin concentrations were assessed at day 14 and day 24 after H. polygyrus
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inoculation. H. polygyrus-inoculated mice treated with control antibody had increased
concentration of serum IgE. No further elevation was induced by anti-CTLA4 antibody
treatment (Figure 3). Similarly. IgG] serum concentrations were comparable between
anti-CTLA4 antibody and control antibody treated mice inoculated with H. polygyrus,
with both groups being elevated above untreated control levels (Figure 4).

T and B cell activation were evaluated by FACS analysis at day 24. These data
show no evidence of increased T or B cell activation. Forward scatter profiles of CD4~
cells and B220" cells were comparable in H. polygyrus-inoculated anti-CTLA4 antibody
and control antibody treated mice (Figure 5). There also was no change in expression of
activation markers IL-2R and MHCIl on CD4" and B220" cells (Figure 6).

The mRNA expression of [L-3. IL-4. [L-9 and IL-13 in mesenteric lymph node
and Peyer’s patch tissues were quantitated by RT-PCR. In mesenteric lymph node tissue.
IL-3 expression in anti-CTLA4 antibody treated mice was increased three-fold over
control antibody treated mice (Figure 7). but this difference was not statistically
significant. IL-4. IL-9. and IL-13 were not increased in the mesenteric lymph nodes of
anti-CTLA4 antibody treated animals. when compared with control antibody treated
animals. Likewise. there were no increases in gene expression in Peyer’s patch tissues
(Figure 7). Together, these data show that anti-CTLA4 antibody. given in this
administration regimen. is not effective in enhancing the immune response to .
polygyrus. This protocol was not repeated.

An additional. similar experiment was completed. with 200 ug anti-CTLA4
antibody injected four times instead of three times. and beginning at timepoints earlier

than the previous experiment. at days 6. 10. 14, and 16 after H. polygyrus inoculation. T



58

Figure 3. Administration of anti-CTLA4 antibody does not enhance H. polygyrus-
induced elevations in serum IgE. BALB/c mice were injected i.v. with 200 pg anti-
CTLAA4 antibody or control antibody on days 9, 14, and 19 after oral inoculation with 200
third-stage H. polygyrus larvae. Mice were bled on days 14 and 24 after inoculation, and
serum IgE levels were determined by ELISA. The mean and standard error derived from

serum samples of five individual mice are shown for each treatment group.
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Figure 4. Administration of anti-CTLA4 antibody does not enhance H. polygyrus-
induced elevations in serum IgG1l. BALB/c mice were injected i.v. with 200 pg anti-
CTL A4 antibody or control antibody on days 9. 14, and 19 after oral inoculation with 200
third-stage H. polygyrus larvae. Mice were bled on days 14 and 24 after inoculation, and
serum [gG1 levels were determined by ELISA. The mean and standard error derived

from serum samples of five individual mice are shown for each treatment group.
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Figure 5. Administration of anti-CTLA4 antibody does not increase CD4" T cell or
B220° B cell size at day 24 after H. polygyrus inoculation. BALB/c mice were injected
i.v. with 200 ug anti-CTL A4 antibody or control antibody on days 9, 14, and 19 after oral
inoculation with 200 third-stage H. polygyrus larvae. Cell suspensions were prepared
from mesenteric lymph nodes from five individual mice per treatment group, and pooled.
Cells were dual stained with FITC-anti-CD4 and biotin-anti-IL-2R or cychrome-anti-
B220 and biotin-anti-MHCII followed by streptavidin-PE. Single histogram analyses of

CD4" T cell size and B220" B cell size (forward scatter) are shown.
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Figure 6. Administration of anti-CTLA4 aatibody does not increase expression of
IL-2R or MHCII on CD4’ or B220° cells. BALB/c mice were inoculated with A
polygyrus and treated with anti-CTL A4 antibody or control antibody, and mesenteric
lymph node cells were pooled and stained as described in the legend of Figure S (five
mice per treatment group). Single histogram analyses of IL-2R and MHCII expression
on CD4" and B220" cells are shown. The IL-2R and MHCII expression scales are

logarithmic.
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Figure 7. Blocking CTLA4 interactions with anti-CTLA4 antibody may emhance
IL-3 gene expression in the mesenteric lymph node on day 24 after H. polygyrus
inoculation. BALB/c mice were injected i.v. with 200 pg anti-CTLA4 antibody or
control antibody on days 9, 14, and 19 after oral inoculation with 200 third-stage H.
polygyrus larvae. Mesenteric lymph node and Peyer's patch tissues were collected on day
24 after inoculation, and cytokine gene expression was determined by quantitative RT-
PCR. The mean and standard error are derived from RNA preparations from the
mesenteric lymph node and Peyer's patch tissues of five individual mice normalized to
the internal standard, HPRT, which did not show more than two- to three-fold changes
throughout the experiment. The means are expressed relative to the mean of the

uninfected control, which was arbitrarily given a value of 1.
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cell activation was evaluated at day 20. Again, serum concentrations of IgE and IgGl
were not elevated (data not shown). FACS analysis showed no evidence of T or B cell
activation. as forward scatter and expression of activation markers IL-2R and MHCII
were comparable in anti-CTLA4 and control antibody treated groups (data not shown).
Gene expression of IL-3. IL-4. IL-5 and IL-9 were quantitated in Peyer’s patch tissues.
In this experiment. IL-5 gene expression was significantly decreased (58%) in anti-
CTLAG4 antibody treated animals when compared with control antibody treated animals
(Figure 8). IL-9 was also reduced (66%). although the difference was not statistically
significant (Figure 8). In fact. in this experiment. there was a statistically significant
increase in the H. polygyrus egg production in the anti-CTLA4 antibody treated group
(Figure 9). Also. serum IgE concentration was significantly reduced (Figure 10). These
results indicate that anti-CTLA4 antibody treatment was ineffective in enhancing the
response in BALB/c mice infected with H. polygvrus. Whether these data represent an
actual inhibition of the response to H. polygyrus is uncertain. and additional experiments
would be required to determine whether anti-CTLA4 antibody can have an inhibitory

effect on the immune response in this system. This protocol was not repeated.

2. Anti-CTLA4 antibody specifically enhances Th2-associated serum
immunoglobulin concentrations when administered to BALB/c mice after onset of
H. polygyrus infection.

In the previous experiments. anti-CTLA4 antibody given at 200 ug doses was not
effective in enhancing the immune response to H. polygyrus. While anti-CTLA4

antibody has been used effectively in other in vivo antibody intervention experiments in



Figure 8. Blocking CTLA4 interactions with anti-CTLA4 antibody does not
enhance Th2 cytokine gene expression in Peyer's patch tissues on day 20 after H.
polygyrus inoculation. BALB/c mice were injected i.v. with 200 pug anti-CTLA4
antibody or control antibody on days 6, 10, 14, and 16 after oral inoculation with 200
third-stage H. polygyrus larvae. Peyer's patch tissues were collected on day 20 after
inoculation, and cytokine gene expression was determined by quantitative RT-PCR. The
mean and standard error are derived from RNA preparations from Peyer's patch tissues of
five individual mice normalized to the internal standard, HPRT, which did not show more
than two- to three-fold changes throughout the experiment. The means are expressed

relative to the mean of the uninfected control, which was arbitrarily given a value of 1.
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Figure 9. Blocking CTLAJ interactions with anti-CTLA4 antibody increases H.
polygyrus egg production on day 20 after inoculation. BALB/c mice were injected i.v.
with 200 ug anti-CTL A4 antibody or control antibody on days 6, 10. 14, and 16 after oral
inoculation with 200 third-stage H. polygyrus larvae. Total eggs were enumerated from
the contents of the cecum and large intestine on day 20 after inoculation. The data are

expressed as the mean and standard error of five individual mice per treatment group.
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Figure 10. Blocking CTLA4 interactions with anti-CTLA4 antibody reduces H.
polygyrus-induced elevations in serum [gE at day 20 after inoculation. BALB/c mice
were injected i.v. with 200 pg anti-CTL A4 antibody or control antibody on days 6. 10.
14. and 16 after oral inoculation with 200 third-stage H. polygyrus larvae. Mice were
bled on day 20 after inoculation, and serum IgE levels were determined by ELISA. The
mean and standard error derived from serum samples of five individual mice are shown

for each treatment group.
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similar dosages (Leach et al., 1996; Walunas and Bluestone. 1998: Perez et al., 1997:
Luhder et al.. 1998). higher doses (up to 1 mg) have also been used (McCoy et al.. 1997).
Administration of high dose anti-CTLA4 antibody was tested. BALB/c mice (5 per
group) were orally inoculated with 200 third-stage H. polygyrus larvae, and injected i.v.
on days eight and ten with | mg anti-CTLA4 antibody or control antibody. On days 15
and 20. serum IgE. IgG1 and IgG2a concentrations were evaluated. The serum from
untreated mice contained very little IgE. less than | ug/ml (Figure 11). In H. polygyrus-
inoculated mice treated with control antibody. IgE levels rose by day 15. and remained
elevated at day 20. In infected mice treated with anti-CTLA4 antibody. the concentration
rose significantly above mice administered control antibody by day 15. This elevation
was sustained at day 20.

These results are similar to those seen in serum concentrations of IgG1 (Figure
12). In infected animals treated with control antibody. the serum concentration of IgG1
rose by day 15. and rose further by day 20. Anti-CTLA4 antibody treatment of infected
mice resulted in the serum concentration of IgG1 rising significantly higher at days 15
and 20 than in control antibody treated inoculated mice. In addition to polyclonal IgGl.
antigen-specific IgG1 was also quantitated (Figure 13). The elevation in antigen-specific
IgG1 concentration in anti-CTLA4 antibody treated animals was even more pronounced
than the elevation seen in polyclonal IgG1. Anti-CTLA4 antibody treatment increased
the antigen-specific IgG1 titer more than 40 fold over the concentration in control
antibody treated animals; in comparison. polyclonal IgG1 was increased 2.4 fold.

Serum igG2a concentrations were quantitated at days 15 and 20 (Figure 14).

Unlike the Th2-associated isotypes IgE and IgG1. the serum concentration of [gG2a was
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Figure 11. Blocking CTLA4 interactions enhances H. polygyrus-induced clevations
in serum IgE at days 15 and 20 after inoculation. BALB/c mice were injected i.v.
with 1 mg anti-CTLA4 antibody or control antibody on days eight and ten after oral
inoculation with 200 third-stage H. polygyrus larvae. Mice were bled on days 15 and 20
after inoculation, and serum IgE levels were determined by ELISA. The mean and
standard error derived from serum samples of five individual mice are shown for each

treatment group. This experiment was conducted two times with similar results.
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Figure 12. Blocking CTLA4 interactions enbances H. polygyrus-induced elevations
in polycional serum igG1 at days 1S and 20 after inoculation. BALB/c mice were
injected i.v. with | mg anti-CTLA4 antibody or control antibody on days eight and ten
after oral inoculation with 200 third-stage H. polygyrus larvae. Mice were bled on days
15 and 20 after inoculation, and serum IgG1 levels were determined by ELISA. The
mean and standard ervor derived from serum samples of five individual mice are shown

for each treatment group. This experiment was conducted two times with similar results.
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Figure 13. Blocking CTLA4 interactions enhances H. polygyrus-induced elevations
in antigen-specific serum IgG1 at days 15 and 20 after inoculation. BALB/c mice
were injected i.v. with 1 mg anti-CTL A4 antibody or control antibody on days eight and
ten after oral inoculation with 200 third-stage H. polygyrus larvae. Mice were bled on
days 15 and 20 after inoculation, and serum IgG1 levels were determined by antigen-
specific ELISA. The mean and standard error derived from serum samples of five
individual mice are shown for each treatment group. This experiment was conducted two

times with similar results.
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Figure 14. Blocking CTLA4 interactions does not inhibit H. polygyrus-induced
reductions in serum IgG2a at days 15 and 20 after inocuiation. BALB/c mice were
injected i.v. with | mg anti-CTL A4 antibody or control antibody on days eight and ten
after oral inoculation with 200 third-stage H. polygyrus larvae. Mice were bled on days
15 and 20 after inoculation, and serum IgG2a were determined by ELISA. The mean and
standard error derived from serum samples of five individual mice are shown for each

treatment group. This experiment was conducted two times with similar results.
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not elevated by H. polygyrus inoculation, in either contro! antibody or anti-CTLA4
antibody treated mice. In fact. all inoculated groups exhibited a decreased concentration
of IgG2a when compared with uninfected controls. This is consistent with the strongly
polarized Th2 immune response that H. polygyrus elicits. The elevation of IgG1 and IgE.
but not IgG2a. indicates a specific increase in the Th2. but not Thl. response in
inoculated mice treated with anti-CTL A4 antibody when compared with control antibody
treated mice (Mosmann and Coffman. 1989). These experiments were conducted two

times with similar results.

3. Administration of anti-CTLA4 antibody to H. polygyrus-infected BALB/c mice
increases T and B cell activation, resulting in increased cell size, IL-2R expression
on CD4’ T cells, and number of B220™ B cells.

As an additional means to evaluate T cell activation in this system. T and B cell
size and surface activation markers were evaluated at days 15 and 20. Single cell
suspensions were made of mesenteric lymph nodes. dual stained with anti-CD4 vs. anti-
IL-2R antibodies and anti-B220 vs. anti-MHCII antibodies. and quantitated by FACS
analysis. Atday 15.CD4" T cells from H. polvgyrus-inoculated mice treated with anti-
CTLAA4 antibody displayed increased forward scatter compared to those from control
antibody treated mice. indicating larger size and a greater degree of activation (Figure
15). A greater percentage of CD4" T cells from anti-CTLA4 antibody treated mice was
also IL-2R" compared with CD4" cells from control antibody treated mice at day 15
(Figure 16). However, the intensity of expression of IL-2R on CD4" cells was not

increased in anti-CTLA4 antibody treated mice. In fact, CD4" T cells from all H.
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Figure 15. Blocking CTLA4 interactions increases CD4’ T cell size on day 15, but
not day 20, after H. polygyrus inoculation. BALB/c mice were injected i.v. with | mg
anti-CTLA4 antibody or control antibody on days eight and ten after oral inoculation
with 200 third-stage H. polygyrus larvae. Cell suspensions were prepared from
mesenteric lymph nodes from five individual mice per treatment group, and pooled.
Cells were dual stained with FITC-anti-CD4 and biotin-anti-IL-2R followed by
streptavidin-PE. Single histogram analysis of CD4" cell size (forward scatter) is shown.

This experiment was conducted two times with similar results.
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Figure 16. Blocking CTLA4 interactions increases the percentage of CD4" cells
expressing IL-2R on day 15, but not day 20, after H. polygyrus inoculation. BALB/c
mice were inoculated with H. polygyrus and treated with anti-CTL A4 antibody or control
antibody, and mesenteric lymph node cells were pooled and stained as described in the
legend of Figure 15 (five mice per treatment group). Cells were gated on CD4
expression, and IL-2R expression was quantitated. PE-IL-2R versus FITC-CD4
fluorescence scatter plots are displayed on a log scale. The percentage of CD4" T cells
expressing IL-2R and the IL-2R mean fluorescence intensity (MFI) on CD4" cells are

shown. This experiment was conducted two times with similar results.
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polygyrus-inoculated groups had lower IL-2R mean fluorescence intensity when
compared with untreated animals. By day 20. the increase in forward scatter of CD4”
cells and the number of CD4°IL-2R" double positive cells was no longer evident. The
percentage of CD4" cells that were also IL-2R" at day 20 was slightly lower in anti-
CTLAA4 antibody treated animals when compared with the control antibody treated group.
B cells also showed evidence of increased activation in anti-CTLA4 antibody
treated inoculated mice. when compared with control antibody treated mice. Atday 15.
B220° B cells from H. polygyrus-inoculated mice treated with anti-CTLA4 antibody
displayed increased forward scatter (Figure 17). By day 20. the increased forward scatter
was still evident (though somewhat less pronounced than at day 135). in contrast to the
return to control levels seen in CD4™ cells. The number of B220" B cells was increased
at day 15 in anti-CTLA4 antibody treated animals when compared with control antibody
treated mice (Figure 18). The number returned to control antibody treated levels by day
20. The MHCII mean fluorescence intensity on B220" B cells was reduced at day 20 in
anti-CTLA4 antibody treated animals when compared with control antibody treated mice.
This is in contrast to forward scatter. which is still elevated at this timepoint. Together.
the FACS data and quantitation of immunoglobulin concentrations are consistent with
increased T cell activation, resulting in increased help for B cells in the production of

immunoglobulins. These experiments were repeated two times with similar results.



Figure 17. Blocking CTLAJ interactions increases B220" B cell size on days 15 and
20 after H. polygyrus inoculation. BALB/c mice were injected i.v. with 1 mg anti-

CTL A4 antibody or control antibody on days eight and ten after oral inoculation with 200
third-stage H. polygyrus larvae. Cell suspensions were prepared from mesenteric lymph
nodes from five individual mice per treatment group, and pooled. Cells were dual stained
with cychrome-anti-B220 and biotin-anti-MHCII followed by streptavidin-PE. Single
histogram analysis of B220" cell size (forward scatter) is shown. This experiment was

conducted two times with similar results.
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Figure 18. Blocking CTLA4 interactions increases the number of B220" B celis at
day 15 and reduces the expression of MHCII on B220" B cells at day 20 after H.
polygyrus inoculation. BALB/c mice were inoculated with H. polygyrus and treated
with anti-CTL A4 antibody or control antibody, and mesenteric lymph node cells were
pooled and stained as described in the legend of Figure 17 (five mice per treatment
group). All live cells were included in the analysis. PE-MHCII versus cychrome-B220
fluorescence scatter plots are displayed on a log scale. The percentage of cells expressing
B220 and the MHCII mean fluorescence intensity (MFI) on B220" celis are shown. This

experiment was conducted two times with similar results.
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4. Anti-CTLAdJ antibody treatment of H. polygyrus-infected BALB/c mice may
increase IL-4 and IL-3 cytokine production.

IL-4 secretion by mesenteric lymph node cells was quantitated in an ELISPOT
assay. In untreated control mice. [L-4 secretion was very low (Figure 19). After H.
polygyrus inoculation. control antibody treated mice exhibited an increase in the number
of IL-4 producing cells at both day 16 and day 20. At day 20. anti-CTLA4 antibody
treatment significantly increased the number of IL-4 producing cells above the number
seen in control antibody treated mice. IL-4 is a potent mediator of the protective
response to H. polygyrus (Urban et al.. 1998: Finkelman et al.. 1997). Consistent with
this. egg production was found to be significantly reduced in anti-CTLA4 antibody
treated mice at day 20 in this experiment (Figure 20). This suggests that in this
experiment host protection was enhanced by CTLA4 blockade. However. in a
subsequent experiment egg production was found to be unaffected.

In a separate. independent experiment. an RT-PCR assay was utilized to
quantitate [L-3 and IL-4 mRNA expression in mesenteric lymph node tissues as an
additional means to evaluate cytokine production (Figure 21). Atday 15 after H.
polygyrus inoculation. IL-3 gene expression increased 3.8 fold in anti-CTLA4 antibody
treated mice. when compared with control antibody treated mice. By day 20. IL-3 gene
expression in anti-CTLA4 antibody treated mice dropped below the expression level seen
in control antibody treated mice. However. these differences were not statistically
significant. No difference was seen in IL-4 mRNA expression at either day 15 or day 20
in this experiment. In Figure 19, IL-4 secretion started to rise by day 16. becoming

significant by day 20. The cytokine gene expression data in Figure 21 suggest that the
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Figure 19. Blocking CTLA4 interactions enhances IL-4 secretion on day 20 in the
mesenteric lymph node of H. polygyrus-inoculated mice. BALB/c mice were injected
i.v. with | mg anti-CTLA4 antibody or control antibody on days eight and ten after oral
inoculation with 200 third-stage H. polygyrus larvae. Mesenteric lymph node tissues
were collected on days 16 and 20 after inoculation, and the number of IL-4 secreting
mesenteric lymph node cells was determined in an ELISPOT assay without restimulation.
Cell suspensions were assayed from five individual mice per treatment group, and the

mean and standard error are shown.
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Figure 20. Blocking CTLA4 interactions reduces egg production in H. polygyrus-
inoculated mice. BALB/c mice were injected i.v. with | mg anti-CTLA4 antibody or
control antibody on days eight and ten after oral inoculation with 200 third-stage H.
polygyrus larvae. Total eggs were enumerated from the contents of the cecum and large
intestine on days 16 and 20 after inoculation. The data are expressed as the mean and

standard error of five individual mice per treatment group.
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Figure 21. Blocking CTLA4 interactions may enhance IL-3 gene expression in the
mesenteric lymph node on day 15 after H. polygyrus inoculation.

BALB/c mice were injected i.v. with 1 mg anti-CTLA4 antibody or control antibody on
days eight and ten after oral inoculation with 200 third-stage H. polygyrus larvae.
Mesenteric lymph node tissues were collected on days 15 and 20 after inoculation, and
cytokine gene expression was determined by quantitative RT-PCR. The mean and
standard error are derived from RNA preparations from the mesenteric lymph node
tissues of five individual mice normalized to the internal standard, HPRT, which did not
show more than two- to three-fold changes throughout the experiment. The means are
expressed relative to the mean of the uninfected control, which was arbitrarily given a

value of 1.
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increase in secretion of IL-4 is not reflected in a corresponding increase in mRNA at this

timepoint. and may be due to other factors such as increased translation.
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B. Studies on the effects of CTLA4 blockade during a mixed Th1/Th2 immune

response to an infectious pathogen.

1. Anti-CTLA4 antibody specifically enhances IL-4 secretion, and inhibits IFNy
secretion, when administered to AKR mice after onset of T. muris infection.

Whether an immune response against 7. muris is effective in protecting against
infection depends largely on the type of response that develops. Th2 responses are
effective in controlling T. muris infection. and Th1 responses are not host protective (Else
etal.. 1992). AKR mice normally mount a response to 7. muris that is not protective and
has both Th1 and Th2 components. but the response can be shifted to a protective Th2
response by depletion of IFNy or administration of exogenous IL-4 (Else et al.. 1994). It
has been hypothesized that the Th1/Th2 decision is based on the balance between
strength of signaling and the ability of the pathogen to stimulate the innate response
(Gause et al.. 1999). A Th2 response is favored by increased strength of signal relative to
the innate response. This experiment was designed to test this hypothesis. By blocking
CTLA4 signaling with anti-CTLA4 antibody. the overall strength of signal should be
increased relative to the innate response. which may result in immune deviation toward a
Th2 response.

AKR mice were infected with 7. muris and administered 600 pug anti-CTLA4
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